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CONCENTRATE TREATMENT VIA MEMBRANE
DISTILLATION/CRYSTALLIZATION METHOD

SUMMARY

Boron is an important semimetal element that is found in water, soil and rocks. Boron
is widely used in a variety of industries such as glass, semi-conductors, detergents,
cosmetics, drugs and fertilizer. Boron is also an essential nutrient for animals, plants
and humans that needs to be found in dietary intake. Although it is beneficial the
excessive amount of boron can lead to some health problems for humans and growth
problems or death for plants. The boron content in wastewater is increasing due to the
increasing industrial activities. Boron can also be found naturally from rocks, salt
deposits or rainfalls and approximately 75% of the boron reserves of the world are
found in Turkey.

In the second chapter of this thesis study a literature review was prepared
comprehensively. Boron removal and recovery techniques were reviewed. The
increasing demand for clean water resources makes boron removal from water
resources much more important. However, the removal is not enough alone in the
aspect of sustainability. The removal and recovery techniques both conventional
methods like precipitation, adsorption, coagulation, ion exchange and membrane
processes are examined to juxtapose the states of the science in these two related—
and increasingly important—processes.

In the third chapter, the optimization studies of the membrane distillation process used
in the thesis study were conducted. 2 different MD configurations, 3 different vacuum
pressures, 6 different membranes and 3 different feed water were used to determine
the optimum conditions. VAGMD had the higher fluxes since vacuum assistance
enhanced fluxes while decreasing specific energy consumption. The boron content in
permeate waters was lower than the 0.5 mg/L.

In the fourth chapter hydrophobic and superhydrophobic membrane production
methods were investigated. Different fabrication techniques as phase inversion and
electrospinning were utilized while coating was applied to modify commercial and
fabricated membranes. Different coagulation bath mediums for phase inversion
method, nanoparticle additives and different coating solutions were compared. It was
possible to obtain a superhydrophobic membrane that has a contact angle of 153°.

A novel hydrophobic blend membrane was fabricated to use in VAGMD within the
scope of the fifth chapter. NaCl, synthetic boron solution and real RO concentrate
supplied from the boron mining area were tested. A fluoro-containing benzoxazine
monomer (Bz) was blended with our base polymer PVDF. The cross-linking of Bz is
provided by thermal curing. According to the results, the BisF-Bz membrane showed
higher hydrophobicity, more durability and physical stability compared to the pristine
membrane. Boron rejection was highest for the BisF-Bz blended and two times
thermally cured nanofiber membrane.
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In chapter six VAGMDC system was utilized to remove and recover boron from the
concentrate stream. The concentrate problem is the main drawback of membrane
processes so needs additional treatment and management. To address this problem
VAGMDC system was tested. Synthetic boron solution was used to optimize process
conditions such as concentration, pH and membrane type. Real RO concentrate was
tested in the following experiments. Flux values, boron concentration and boron
rejections, SEM-EDS analysis and XRF analysis for obtained crystals were conducted.
The results showed that VGMDC could be successfully used for the removal and
recovery of boron.

The pilot scale VAGMDC system was tested in the scope of chapter seven. Different
recovery ratios and operating modes were tested. Highly boron-contented raw river
water and RO concentrate of that water were fed to the pilot scale MD system.
Conductivity, flow rate and vacuum pressure were observed during the experiments.
Boron, arsenic, hardness and conductivity removals were analyzed and determined.
After VAGMD operation crystallization was applied to the obtained concentrate.
43.9% B»0s3 contented crystals could be obtained. In conclusion, the relatively new
VAGMDC process is an effective method for boron removal and recovery.
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MEMBRAN DISTILASYON/KRISTALIZASYON YONTEMI iLE
KONSANTRE ARITIMI

OZET

Bor, suda, toprakta ve kayaglarda bulunan énemli bir yar1 metal elementtir. Cam, yar1
iletkenler, deri, deterjan, kozmetik, ilag, pestisit ve gilibre gibi ¢esitli endiistrilerde
yaygin olarak kullanilmaktadir. Endistriyel kullaniminin yani sira bor ayrica
hayvanlar, bitkiler ve insanlar i¢in 6nemli bir niitrienttir, baz1 metabolik fonksiyonlar
borun varligina ihtiya¢ duyar ve bu nedenle giinliik olarak belirli miktarlarda alinmasi
gerekir. Bor faydali olmakla birlikte fazlas1 insanlarda kusma, ishal, cilt dokiintiisii ve
hatta hamile kadinlarda diisiige sebep olabilirken uzun siireli maruz kalimlarda ise
kardiyovaskiiler sistem, sinir sistemi ve iireme sistemlerinde hasara yol agabilir.
Bitkilerde tolere edilebilir miktarin asilmast durumunda biiyiimenin baskilanmasi,
verimin azalmasi, yaprak ucu sararmasi ve hatta bitkinin 6liimiine neden olabilir.

Bor deniz suyu, igme suyu ve yeralti sularinda hem dogal hem de antropojenik
kaynaklara bagl olarak bulunabilmektedir. Artan endiistriyel faaliyetlere bagl olarak
atiksudaki bor igerigi her gegen giin artmaktadir. Sularda bulunan borun en énemli
antropojenik kaynagi ise madencilik faaliyetleridir. Ayrica bor, dogal olarak
kayalardan, tuz yataklarindan veya yagislardan kaynaklanmaktadir. Tuz birikintisi
sizint1 suyu, kaya ayrismasi ve okyanus spreyinden gelen deniz tuzu i¢eren yagmurlar
borun dogal sularada bulunmasina etken birincil dogal kaynaklaridir. Diinyadaki bor
rezervlerinin yaklagik %53 i ise Tiirkiye'de bulunmaktadir.

Bu tez calismasinin kapsaminda oncelikli olarak kapsamli bir literatiir taramasi
hazirlanmistir. Bor giderimi ve ayrica geri kazanim teknikleri gézden gecirilmistir. Bu
kapsamda ¢oktiirme, adsorpsiyon, koagiilasyon, iyon degisimi gibi geleneksel
yontemler ile membran prosesleri gibi ayirma ve geri kazanma teknikleri, bu iki ilgili
-ve giderek daha Onemli hale gelen— siire¢ bakimindan bilimin durumunu
karsilastirmak i¢in incelenmistir. Artan niifus ve azalan kaynaklar sebebi ile temiz su
kaynaklarina olan talebin artmasi, su kaynaklarindan bor giderimini ¢ok daha énemli
hale getirmektedir. Ancak siirdiiriilebilirlik agisindan giderim tek basma yeterli
degildir. Bu 6nemli kaynagin geri kazanilmasi ve yeniden kullanilabilmesi 6nem arz
etmektedir. Literatiirde bor geri kazanimi ile bor giderimi terimleri arasinda net bir
ayrim yapilmamakla birlikte kullanilabilir nitelikte iiriin eldesine dayanan g¢alisma
sayis1 olduk¢a azdir. Bu boliimde giderim ve geri kazanim kavramlar1 agiklanmaya
calistlmis  giderim ve geri kazamim yoOntemleri ayr1 olarak incelenmistir.
Konvansiyonel yontemlerin baz1 kisitlarindan 6tiirii son yillarda membran prosesler
daha ¢ok dikkat ¢ekmeye ve arastirilmaya baslanmistir.

Membran distilasyonu (MD) konvansiyonel distilasyon ile membran prosesi
birlestiren termal siirliciilii bir  ayirma prosesidir. Temel prensip membran
gozeneklerinden su yerine su buharmin gegisini saglamaktir. Bu prensip ile yliksek
kalitede su eldesine imkan veren bir saflagtirma prosesi olarak konvansiyonel
distilasyondan daha diisiik sicakliklar gerektirirken ters osmoz (TO) prosesine gore
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daha diisiik enerji sarfiyatina sahiptir. Aynm zamanda giris suyu Kkirletici
konsantrasyonlarindan ¢ok fazla etkilenen bir proses olmamasi ile de 6ne ¢ikmaktadir.

Tezin ti¢ilincii boliimiinde bu tez ¢alismasi kapsaminda kullanilmasina karar verilen
membran distilasyon prosesinin optimizasyon c¢alismalar1 yapilmistir. Optimum
kosullar1 belirlemek i¢in hava bosluklu ve vakum destekli hava bosluklu olmak iizere
2 farklt MD konfigiirasyonu, 3 farkli vakum basinci, 3 farkli polimer tiiriinde ve 2
farkli por ¢apina sahip olmak iizere 6 farkli membran ve 3 farkli besleme suyu
kullanilmistir. Vakum destekli hava basluklu membran distilasyon (VAGMD)
sisteminde, vakum destegi akilar1 artirirken kullanilan vakum enerjisine ragmen
spesifik enerji tiikketimini azaltmistir. Gerek tuzluluk gerekse bor giderim verimleri
oldukca yiiksek sonuglar vermistir. 0,5 mg/L'den daha diisiik bor icerigine sahip
siiziintli sular1 elde edilmistir.

Dérdiincii bolimde MD prosesinde kullanilan hidrofobik ve stiperhidrofobik membran
iretimi lizerine ¢alismalar gergeklestirilmistir. Ticari ve iiretilen membranlar
modifiye etmek i¢in kaplama yontemi uygulanirken, faz inversiyon ve elektrospinleme
gibi farkli iiretim teknikleri de kullanilmistir. Faz inversiyon yontemi i¢in farkli
iceriklerdeki koagiilasyon banyosunun hidrofobisiteye etkisinin yan1 sira,
nanoparcacik katkilarin ve farkli kaplama ¢ozeltilerinin etkileri karsilastirilmistir. Bu
calisma ile temas acis1 153° olan siiperhidrofobik membran elde etmek miimkiin
olmustur. Yiiksek hidrofobisite degerine sahip membranlar ile yapilan aritilabilirlik
calismalarinin sonucuna gore ise siiziintii suyu akilar1 ve bor giderim verimleri
belirlenmistir. %90 iizerinde bor giderim verimlerine ulasmak miimkiin olmustur.
Besinci boliim kapsaminda ise VAGMD'de kullanilmak iizere benzoksazin monomeri
(Bz) katkil1 yenilik¢i hidrofobik membran tliretimi ¢aligmasi gergeklestirilmistir. NaCl,
sentetik bor ¢ozeltisi ve bor madenciligi alanindan temin edilen yiiksek bor icerikli
nehir suyundan elde edilen gergek ters osmoz (TO) konsantresi test edilmistir. Bir
floro icerikli Bz monomeri baz polimerimiz olan PVDF igerisine eklenerek yenilik¢i
bir membran tiretimi gerceklestirilmistir. Termal kiirleme uygulanarak Bz'nin ¢apraz
baglanmas1 saglanmistir. Bu amagla farkli tekrarlarda termal kiirleme islemi
uygulanarak hem monomer ilavesinin hem de kiirleme isleminin membran distilasyon
sistemindeki performansi iizerine etkisi incelenmistir. Elde edilen sonuglara gore
BisF-Bz membran, saf membrana gore daha yiiksek hidrofobiklik, daha fazla
dayaniklilik ve fiziksel kararlilik gostermistir. En yiiksek bor giderimine ise, BisF-Bz
katkil1 ve iki kez termal olarak kiirlenmis nanofiber membran ile ulasilmistir.

Altinc1 boliimde, borun konsantre akisindan giderilmesi ve geri kazanilmasi igin
Vakum destekli hava bagluklu membran distilasyon kristalizasyon (VAGMDC)
sistemi  kullanilmistir. Konsantre sorunu, membran prosesleri i¢in ana
dezavantajlardan birisidir, bu nedenle ek aritma ve yonetime ihtiya¢ duyar. Bu sorunu
¢ozmek i¢in VAGMDC sistemi test edilmistir. Konsantrasyon, pH ve membran tipi
gibi proses kosullarini optimize etmek i¢in sentetik bor ¢ozeltisi kullanilmis ardindan
gercek TO konsantresi test edilmistir. Aki degerleri, bor konsantrasyonu ve dolayisiyla
bor giderim verimi, SEM-EDS analizi ve elde edilen kristaller icin XRF analizi
yapilmustir. Sonuglar, VAGMDC' nin bor giderimi ve geri kazanimi i¢in basariyla
kullanilabilecegini géstermistir.

Yedinci boliim kapsaminda pilot 6lgekli VAGMDC sistemi test edilmistir. Farkli geri
kazanim oranlar1 ve c¢alisma modlar1 test edilmistir. Pilot 6lgekteki MD sistemine
yiiksek bor konsantrasyonuna sahip ham nehir suyu ve bu suyun TO konsantresi
beslenmistir. Deneyler sirasinda iletkenlik, akis hiz1 ve vakum basinci takip edilmistir.
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Bor, arsenik, sertlik ve iletkenlik giderimleri analiz edilerek giderim verimleri
belirlenmistir. VAGMD isleminden sonra elde edilen konsantreye kristalizasyon
islemi uygulanmistir. %43,9 B20s igerikli kristallerin elde edilmesi miimkiin olmustur.
Sonug olarak borun giderimi ve geri kazanimi i¢in nispeten yeni bir yontem olan
VAGMDOC prosesinin bagarili bir sekilde kullanilabilecegi goriilmiistiir.
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1. INTRODUCTION

This thesis study, which consists of eight chapters, is a comprehensive research on the
removal and recovery of boron by using the VAGMDC method from RO concentrate.
The purpose of the thesis, unique aspect, impact and organization of the thesis are

given below.

1.1 Purpose of Thesis

The purpose of this thesis is to develop a new and effective method for concentrate
treatment in terms of boron removal and recovery. Membrane distillation
crystallization was selected for this purpose which is an effective treatment even a
purification method. Within the scope of this thesis study, the following objectives

were planned:
e Literature review of the boron removal and recovery techniques
e Optimizing the removal process for concentrate treatment,

e Fabrication of novel hydrophobic/superhydrophobic membranes to use in

membrane distillation,

e Removal and recovery studies with membrane distillation crystallization

process for concentrate treatment which contains a high amount of boron

¢ Pilot scale study for the proposed treatment option

1.2 Unique Aspect

Membrane processes have gained attention in the last decades due to their several
advantages as low footprint, production of high-quality water, low or no chemical
loading and ability to apply for a wide variety of mixtures. However, concentrate
production in membrane processes is the major drawback of those processes. RO is a

desalination method used to purify the water which means a high concentration of



contaminants in concentrate water produced by RO. So the concentrate stream needs
to be managed.

A comprehensive review provides a detailed overview of the conventional processes
and membrane processes, reviews recovery and clarifies the difference between
removal and recovery for the first time in the literature. The novel side of this thesis is
the treatment of concentrate water containing high boron by vacuum-assisted air gap
membrane distillation crystallization for boron removal and recovery. Another novelty
is the fabrication and modification of novel membranes that have never been used in
literature for membrane distillation. Also, the pilot scale membrane distillation
crystallization process for boron removal and recovery is the only study in the
literature. Up to 43.9% B>0s crystals were obtained in this study which reflects the

efficiency of the proposed process.

1.3 Organization of Thesis

The thesis contains an introduction followed by a review chapter (Chapter 2) and five
data chapters (3-7) and conclusions and thesis conclusions and recommendations
(Chapter 8). Chapter 2 represents a comprehensive review of boron removal and
recovery techniques. Firstly conventional techniques such as precipitation, adsorption,
coagulation and ion exchange and then the membrane processes were reviewed in
terms of removal and recovery, and the difference between removal and recovery was
clarified in this section. In the third chapter, the optimization study was conducted for
the membrane distillation process. A relatively new VAGMD configuration was
selected for further studies. In the fourth and fifth sections, novel hydrophobic and
superhydrophobic membrane preparation studies were conducted. Boron removal and
recovery by using VAGMDOC studies on a lab scale were examined in Chapter 6. A
pilot scale study was done in the last experimental study part of Chapter 7. Conclusions

and recommendations of the thesis were given in the last chapter.
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2. BORON REMOVAL AND RECOVERY FROM WATER AND
WASTEWATER: A REVIEW!

2.1 Introduction

Boron is a crucial element for most organisms and is found in sea water, geothermal
water, surface water, and underground water over a range of concentrations. (Hilal et
al., 2011). In addition, boron is used in various industrial products, including semi-
conductors, leather, glass, detergent, cosmetics, fertilizers, drugs, and insecticides
(Ozdemir & Kipgak, 2010; Oztiirk et al., 2008; Pearce, 1978). This large-scale
industrial use of boron leads to the release of boron compounds to wastewater in
substantial quantity. And while boron is beneficial to in limited amounts, excessive
boron exposure can be harmful to both plants and humans (Kabay & Bryjak, 2015).
As a result, the World Health Organization (WHO) recommends limiting boron
concentrations in drinking water to 2.4 mg/L, and boron concentrations in water used
for irrigation should not exceed 0.5 mg/L due to lower tolerance levels in plants.

Wastewater containing high levels of boron requires treatment before disposal to
remove excessive quantities of this element prior to environmental release (Tagliabue
et al., 2014a; Tang et al., 2017). Due to increasing water needs and decreasing
availability of clean water resources, the successful treatment of these waters is
increasingly important. Many studies in the literature cover methods of boron removal,
and in this review we discuss in detail and provide comparisons of the available
techniques for removing boron from wastewater, with particular emphasis on the use
of membrane processes. But to promote the more sustainable use of this element,
recovery and reuse of boron included in these many industrial applications must be

explored as a partner to removal, where boron-containing compounds are separated

! This chapter is based on ‘Oyku Mutlu-Salmanli, Ismail Koyuncu (2022), Boron removal and recovery
from water and wastewater, Rev Environ Sci Biotechnol, 21, 635-664 https://doi.org/10.1007/s11157-
022-09629-w’



from the waters and managed within a circular economy rather than discarded as waste.
While, studies on boron recovery from contaminated waters are scarce at this time, we
provide in this review a discussion of the available techniques to draw attention to the
need for additional work in this area. In addition we have observed that the use of the
terms “recovery” and “removal” have sometimes been used interchangeably in the
literature, with efforts to remove boron from the water by transport to an alternative
medium or through concentration having sometimes been referred to as recovery. In
this review, we intentionally classify the existing studies as either removal and
recovery studies in hopes that this review will help to more clearly delineate the

recovery concept - and its application — from that of removal.

2.2 Boron Chemistry

2.2.1 Boron chemistry

Boron (B) is the sole nonmetal in group I11A of the periodic table and is most similar
to its neighbors carbon, aluminum, and especially silicon. (Kochkodan et al., 2015;
Kot, 2015; Tang et al., 2017), The name of this element specifies boron’s source and
its resemblance to carbon (Greenwood & Earnshaw, 1997). Free elemental boron is
solid at room temperature and does not exist in nature (Kochkodan et al., 2015; Kot,
2015; Tagliabue et al., 2014b). It has an atomic mass of 10.81 and a density of 2.84
g/cm? (Freger et al., 2015; Kochkodan et al., 2015). The electron structure of boron is
a 1s?2s?2p! configuration expressed in a prevailing tervalence. Because of its electron
structure, the bond energies that include boron are such that there is no propensity to
form monovalent compounds; boron generally forms three or sometimes four bonds.
Boron is in the trivalent oxidation state in its oxides, sulfides, halides, and nitrides
compounds. Since its first oxidation potential is high (8.296 eV), electron loss or cation
formation does not play a role. However, boron has 3 electrons to promote the covalent
bonding of the 4 orbitals (s, pX, Py, and pz) giving this element additional features that
lead to the behavior of acceptor for an electron-pair with an extremely high oxygen
affinity and multicenter bonding (Greenwood & Earnshaw, 1997; Kochkodan et al.,
2015; Tagliabue et al., 2014b; Tang et al., 2017).



2.2.2 Boron in the agueous environment

Boron can be found in brackish waters, seawater, and drinking waters. The largest
anthropogenic sources of boron in waters are mining activities and boron-containing
fertilizers, cleaning products, and detergents that also contain sodium perborate for
bleaching; salt deposit leachate, rock weathering, and rain containing sea salt from
ocean spray are the primary natural sources of boron to natural waters (Hilal et al.,
2011; Kochkodan et al., 2015; Kot, 2015; Tang et al., 2017). Boron is most naturally
abundant in seawater, occurring at an average concentration of 4.6 mg/L and ranging
from 0.5 to 9.6 mg/L in the Baltic Sea and Mediterranean sea, respectively. The boron
content of surface water and groundwater is typically low compared to seawater. The
inherent geochemical conditions, proximity to marine coastal areas, and degree of
pollution by contaminated wastewater are the factors that most determine boron
concentrations in freshwaters (Freger et al., 2015). Concentrations of boron in surface
waters typically range from <0.001 to 2 mg/L in Europe; 0.01 to 7 mg/L in Turkey,
Pakistan, and Russia; and 0.02-360 mg/L in North America, but boron concentrations
in surface waters can be as high as 100 ppm in certain areas due to anthropogenic
activities (Butterwick et al., 1989; Tang et al., 2017). Boron is found naturally in
groundwater at concentrations typically lower than 1 mg/L, ranging from 0.5to 1.5
mg/L in  Southern  Europe and is present at concentrations
around 0.6 mg/L in Northern Europe (Butterwick et al., 1989; Kot, 2015).

Boron is found naturally or anthropogenically in the environment as pH-dependent
borate salts of boric acid. Boron is an “electron-deficient element” that acts as a weak
Lewis acid in water (boric acid) with a pKa value of around 9.2 at 25 °C. The presence
of boric acid or borate in an aqueous solution depends on pH (Figure 2.1), with the
nonionized boric acid form occurring at pH < 9.2 and the monovalent borate anion
dominating at higher pH, according to Eq. 1 (Guan et al., 2016; Giiler et al., 2015;
Tagliabue et al., 2014b).

B(OH); + H,0 = [B(OH),]” + H* 2.1)

When the concentration is relatively low (<216 mg/L) boric acid and the monoborate
anion are found, while at high concentrations (>290 mg/L) boron species such as
B20O(OH)s*", B3O3(OH)4~, B4Os(OH)4*~ and BsOs(OH) 4™ can exist (Guan et al., 2016).
Boric acid has a water solubility of 55 g/L at 25 °C while the boron salts borax, which



contains the B4Os(OH)4> ion, and boron trifluoride have water solubilities of 25.2
g/L and 2.4 g/L, respectively. (Dydo & Turek, 2014; Freger et al., 2015; Kochkodan
et al., 2015; Ozdemir & Kipgak, 2010; Tagliabue et al., 2014b; Tang et al., 2017;
Wolska & Bryjak, 2013).
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Figure 2.1 : Fraction of [B(OH)4]™ and H3BO3 as a function of pH.

2.2.3 Effect of boron on health in humans and plants

Boron is an essential element for humans, plants, and animals. For the absorption of
calcium, magnesium, and phosphorus in human beings, certain metabolic functions
require the presence of boron. However, long-term consumption above optimal levels
can cause adverse effects in the cardiovascular, nervous, coronary, and reproductive
systems. Excessive amounts of boron result in vomiting, diarrhea, anorexia, skin
flushing, and even increased risks for pregnant women (Kot, 2015; Wolska & Bryjak,
2013).

Boron is a vital nutrient for the growth of plants, with optimal concentrations
depending on the tolerance of the plant. For example, 0.5 ppm in sunflowers promotes
growth, while 1 ppm results in a toxic effect. Blackberry and lemon can only tolerate
boron concentrations lower than 0.5 ppm, while cotton can tolerate up to 10 ppm.
Adverse effects associated with boron levels above the limit of tolerance in plants can
include growth inhibition, decreased yield, inhibition of photosynthesis, leaf tips
yellowing, edge and tip necrosis, and even the death of the plant (Guan et al., 2016;
Hilal et al., 2011; Ipekgi et al., 2018).



The WHO recommended a limit of 0.5 mg/L of boron in drinking water between 1998
and 2010, but in 2011 this value was raised to 2.4 mg/L in recognition of the need for
dietary intake to promote human health. However, many countries do not comply with
this standard as it exceeds the tolerable level of boron in many crops, particularly in
countries that obtain irrigation water from desalination plants. In the EU, the upper
limit of boron in drinking water is 1 mg/L, 0.6 to 1 mg/L in the United States, 5 mg/L
in Canada and Brazil, and 2.4 mg/L in Saudi Arabia, which follows the WHO
recommendation. However, boron levels must be lowered to 0.3 mg/L in waters for
irrigation due to the higher sensitivity of plants (Freger et al., 2015; Guan et al., 2016;
Hilal et al., 2011; Tagliabue et al., 2014b).

2.3 Boron Removal Techniques

Removal of boron from natural waters and wastewater has been the focus of most
studies investigating strategies for reducing boron concentrations in these systems to
date. The following section decribes both the conventional and advanced methods for
boron removal from water, including those of chemical precipitation, coagulation, ion

exchange, adsorption, and membrane processes (Wolska & Bryjak, 2013).

2.3.1 Precipitation

Chemical precipitation is a well known conventional technique for boron removal due
to its adaptability systems with high boron content. A number of different chemicals
can be used for the precipitation of boron. For example, lime (or calcium hydroxide,
Ca(OH)2) added to contaminated waters at 50 g/L and held at 90 °C for 2 h was shown
to facilitate a precipitation reaction that reduced boron levels from 700 to 50 mg/L
(Remy et al. 2005). When held at 150 °C for 14 h, the reaction between boron and lime
causes the formation of recyclable Ca>B.0s.H.O precipitate according to Eq. 2
(Itakura et al. 2005; Irawan et al. 2011).

2Ca(OH), + 2H3B0; — Ca,B,0: - H,0 | +4H,0 (2.2)

Irawan et al. (2011) reported that pH affects the removal of boron by using Ca(OH)..
At 60 °C with a Ca(OH)2 dose of 10g/L, 87% boron was removed from concentrated
wastewater (Irawan et al., 2011).



Magnesium borate salt solubility is lower than that of calcium borate salts, according
to Linke and Seidell (1958) (Atherton Seidell & William F Linke, 1958). Other borate
salts are more soluble than calcium or magnesium salts. Additionally, some cations
can cause the formation of secondary pollutants such as barium (Remy et al., 2005).
Shih et al. (2014) used H20- as an oxidant in the chemical oxo-precipitation process
along with calcium chloride and barium chloride as metal salts in a reaction at room
temperature and pH 10. Addition of the oxidant enhanced boron removal from 5% to
80%. And with the use of BaCl: to treat H20> treated boron compound 98.5% boron
removal efficiency was achieved (Shih et al., 2014). Magnesium salts are non-toxic,
inexpensive, and easy to obtain(Fukuda et al., 2020). Boron removal by the generation
of hydroxyapatite (HAp) was also investigated by researchers. Ammonia was used to
accelerate the reaction between boron and calcium hydroxide by dehydration with
ammonia by Yoshikawa et al.(Yoshikawa et al., 2012). Against the re-dissolution of
boron precipitate adding phosphoric acid improves boron removal and formed HAp
film prevents re-dissolution. Also hydrothermal and microwave techniques for HAp
formation are used for boron removal. However hydrothermal treatment is effective
for boron removal at high concentrations, and the high energy demand for heating
makes microwaves more attractive (Irawan et al., 2011; Itakura et al., 2005; H.-C. Tsali
& Lo, 2011; Yoshikawa et al., 2012).

2.3.2 Chemical coagulation and electrocoagulation

Coagulation is a treatment/pretreatment method for the removal of color and
suspended matter that also works for boron removal. The most frequent chemical
coagulants used to generate settleable flocs formed of hydrous metal oxide precipitates
and impurities are aluminum and iron salts. Electrocoagulation (EC) can remove
numerous contaminants and does not require the use of additional chemicals.
Moreover, lower sludge production, simple equipment needs, and ease of operation
make electrocoagulation an accessible option for boron removal (Isa et al. 2014; da
Silva Ribeiro et al. 2019; Mollah et al. 2001; Wolska and Bryjak 2013; Chorghe et al.
2017).

Alum and ferric chloride were tested for efficacy of boron removal by Chorghe et al.
(2017), who found that waters with high boron concentrations required high doses of
iron and aluminum coagulants, resulting in higher sludge production (Chorghe et al.
2017). Chemical coagulation and electrochemical coagulation for removal of boron
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from seawater were compared by Ofir et al. (2011) as an alternative to an expensive,
multi-stage reverse osmosis (RO) process (Ofir et al. 2011). Yilmaz et al. (2007)
compared the boron removal efficiency of chemical coagulation and EC and found
that boron removal efficiency with EC topped 94% versus a 24% removal efficiency
when chemical coagulation was employed (Yilmaz et al. 2007). Three studies have
used EC setups with aluminum electrodes, which achieved 98%, 70%, and 70% boron
removal efficiency, respectively (Isa et al. 2014; da Silva Ribeiro et al. 2019; Dolati et
al. 2017); other studies have investigated the efficacy iron and zinc electrodes for
boron removal (Wolska and Bryjak 2013).

2.3.3 lon exchange

lon exchange is a boron removal method that is smost suitable for removing low
concentrations of boron from water (del Mar de la Fuente Garcia-Soto and Mufioz
Camacho 2005; Yan et al. 2008). Like electrocoagulation approaches, ion exchange
pro- cesses result in lower levels of sludge production as compared to chemical
coagulation processes (Cermikli et al. 2020). The retention order of some of the most
common anions on ion exchange resin is SO4*~ > NO3~ > PO4*~ > C,04* > CI” >
B(OH)4; given the poor affinity of borate for commonly used resin, a more specific
resin needed to increase retention of this ion (del Mar de la Fuente Garcia-Soto and
Muiioz Camacho 2005; Giiler et al. 2015). Boron-specific resins(s) were developed in
the 1970s with the aim of borate removal from magnesium brine (Hilal et al. 2011,
Tagliabue et al. 2014). They are not reactive to other elements but are very selective
for boron due to the use of complexion reactions. As shown in Eq. (3), boric acid with
hydroxyl-containing organic compounds forms a multitude of borate esters, where the
hydrocarbon group is denoted by R.

B(OH)s + 3ROH = B(OR)3 + 3H,0 (2.3)

Hydroxyl groups can form various boric acid esters and quickly dissociate by releasing
protons in solution to form complex borate esters. For boron chelation, the presence of
the tertiary amine group attached to the polymer matrix is essential. Released protons
are caught by tertiary amine sites that act as a proton neutralization agent during
hydroxyl functionality complexing of borate, thereby preventing a decrease in pH
value. Amine protonation is shown in Eq. (4). Boron absorption on boron selective

resins (BSRs) is not due to pure ion exchange, according to this mechanism, so it does
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not need boric acid to be completely ionized in water (Hilal et al. 2011; Tagliabue et
al. 2014; Giiler et al. 2015; Hussain et al. 2019).

—CH2 — N(CH3) — CHz + H" = —CH2 — N*H(CH)3 — CH2>~ (2.4)

BSRs have a macroporous polystyrene backbone that N-methyl-D-glucamine
(NMDG) functional groups are attached to, which is the most efficient material for
boron removal. The complex between boric acid and methyl glucamine resin is given

in Figure 2.2.

Different boron selective resins are commercially available as Amberlite
PWAZ10/IRA743, Diaion CRB03/CRBO05, Dowex BSR-1/XUS43594.00, and Purolite
S108/S110. These commercially available and newly prepared resins can be used with

many water types for the removal of boron as given in Table 2.1.

Commercial Dowex XUS 43594.00 and Diaion CRBO02 resins were used by Kabay et
al. (2007, 2008) for boron removal from model seawater (5 mgB/L) and seawater RO
permeate (1.5-1.6 mgB/L). Accord- ing to their results, both of the resins have very
good sorption performance. Diaion reached equilibrium after 120 min and 180 min
while Dowex reached equilibrium after 240 min for both model seawater and RO
permeate, respectively. Boron removal effi- ciencies of Diaion were 95.6% for model
seawater and 93.5% for RO permeate, and removel efficiencies of Dowex were 95.5%
for model seawater and 90.8% for RO permeate (Kabay et al. 2007, 2008). Kose and
Oztiirk successfully used the commercial resin Dowex 2x8 with 600 mgB/L H3BO3
solution for boron removal (Kose and Oztiirk 2008). Amberlite IRA743 was used for
boron removal from RO perme- ate and geothermal water by Jacob (2007) and Hanay
et al. (2003). The boron removal efficiencies of this resin were approximately 99% for
both types of feed water (Hanay et al. 2003; Jacob 2007). Besides commercial resins,
studies with modified or novel resins are available in the literature. Samatya et
al.(2015) and Cermikli et al. (2020) prepared novel resins functionalized with NMDG
and reported high boron removal efficiencies comparable with commercial resins
(Samatya et al. 2015; Cermikli et al. 2020).
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Figure 2.2 : Boric acid-a methyl glucamine resin complex (Jacob 2007).

Table 2.1 : Boron-selective resins for different feed waters.

Resin Feedwater type Initial boron Boron Reference
concentration removal
Amberlite IRA743 RO permeate 1.8 mg/L >08.8%  (Jacob, 2007)
Dowex-XUS 43594.00 Model seawater 5 mg/L 95.5% (Kabay et al.,
2007)
Dowex XUS 43594.00 SWRO permeate 1.5 mg/L 90.8% (Kabay et al.,
2008)
XSC-800 Refined brine 40 mg/L 97% (C. Yanetal,,
2008)
Amberlite IRA743 Geothermal water 19 mg/L 99% (Hanay, A. et
al., 2003)
Dowex XUS 43594.00 Geothermal water 11 mg/L 95.3% (Cermikli et
al., 2020)
2JW Geothermal water 10 mg/L 99.7%
Iw Geothermal water 10 mg/L 97.4%
2PTN Geothermal water ~ 10.31 mg/L 96%
Poly(VBC-co-DVB)  Geothermal water 11 mg/L 95.9%  (Samatyaetal.,
2015)
Poly(GMA-co-EDM)  Geothermal water 11 mg/L 96.6%

2.3.4 Adsorption

Adsorption is a method of isolation in which certain fluid-phase components are
transfixed to a solid adsorbent surface. This technique is an effective way to remove
boron from waters with low boron concentrations (Ozturk and Kavak 2005; Guan et
al. 2016). Treatment of water based on adsorption of pollutants can be helpful and
cost-effective in removing boron through drinking water purification, groundwater,
and industrial wastewater cleaning. Sorbents such as activated carbon, clays, fly ash,
natural mineral products, biological materials, oxides, mesoporous silica,
nanoparticles, complexing and selective resins are used in adsorption methods for
boron reduction. The most commonly used adsorbent for wastewater treatment is cur-
rently activated carbon but due to its higher cost, many researchers have questioned its

feasibility as a potential substitute for the more inexpensive, commercially usable
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materials (Ozturk and Kavak 2005; Demey et al. 2014a). Iron (Fe®*) oxide/hydroxide-
based nanoscale iron, modified silica, fly ash, chitosan, alumina, magnesium oxide,
waste sepiolite, natural coal, oxides, and clay minerals are some of the adsorbents
investigated in the literature. A novel adsorbent prepared with chitosan and iron (111)
hydroxide and named as chiFer(l11) by Demey et al. (2014b) for removal of boron from
seawater. This mesoporous low-cost material was found to be capable of boron
removal efficiencies up to 49.7%. The molar ratio of adsorbed boron and iron(l11)
hydroxide in the adsorbent was 10.7 mmolB/mol Fe(OH)s (Demey et al. 2014b). A
newly magnetic composite was developed by Pinotti et al. (2022) using CoFe>04and
MgO for boron removal. The maximum boron concentration in synthetic effluents was
20 mg/L and the authors reported boron removal up to 92% (Pinotti et al. 2022).
Ngwabebhoh et al. (2019) prepared amino-modified nanocellulose (A-NCC) platelet-
shaped gels for the removal of boron from aqueous media (Ngwabebhoh et al. 2019).
At pH 7, 120.9 mg B/g A-NCC translated to 89.38% boron removal the initial boron
concentra- tion of 100 ppm. The authors also reported that the possibility of using the
adsorbent for four or more adsorption/desorption cycles in a row with minimal
reduction in removal efficiency. Recepoglu et al. (2018) used a novel chelating fiber
adsorbent, Che- lest GRY-HW, for boron removal from geothermal brine containing
10.5 mgB/L. The Chelest Fiber GRY-HW has been suggested as a promising adsor-
bent with a total ion exchange capacity of 13.47 mg B/g fiber (Recepoglu et al. 2018).
Zhang et al. (2022) designed an organic boron adsorbent (NGN) with NMDG@y-
glycidoxypropyltrimethoxysilane (GPTMS) on nonwoven basalt fibers (NBF). Under
pH 9 the optimum adsorption capacity was 1.64 mmol/g. They also reported that NGN
was still able to regenerate at a very high rates after eight adsorption—desorption cycles
(Zhang et al. 2022). The bio-waste-derived adsorbents were developed by Ahmad et
al. (2022) for boron removal from groundwater. At pH 7 boron removal were 44% for
roasted date pits (RDPs) and 39% for modified roasted date pits (MDPs) by
mercaptoacetic acid (Ahmad et al. 2022).

One of the operational parameters that most affects adsorption of boron is pH, and
many different studies have shown the effect of different adsorbents in combination

with different pH values on boron removal, as shown in Table 2.2.
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Table 2.2 : Summary of select adsorbents and associated boron removal efficiency at
certain pH values.

Adsorbent Initial boron Sample Adsorption pH Removal Reference
concentration capacity efficiency
Mesoporous  100mmol/L Synthetic 1.799 12 (Y. Chen et
silica boron mmol/g al., 2019)
MCM-41 solution
Date seed 5 mg/L Seawater 71.1% (Al-Ithari et
al., 2011)
Nitrogen- 5mg/L Seawater 58.7 mgl/g 8.4 77.44% (F. Chen et
doped GO al., 2017)
Chitosan- 100 mg/L Synthetic 147.6 7 89% (Oladipo &
based boron Gazi, 2017)
magnetic solution
nanobeads
(CBN)
Ni(OH). 300mg/L Seawater 90g/kg 75 70% (Turek et al.,
2007)
Fly ash 600mg/L 20.9 mg/g 2 >60% (Ozturk &
Kavak, 2005)
Fly ash and 5.3mg/L Seawater >9 >90% (H. Polat et
coal al., 2004)
Magnesium 500mg/L Synthetic 9.5- 95% (del Mar de la
oxide boron 10.5 Fuente
solution Garcia-Soto
& Camacho,
2006)
Fly ash 50 mg/L Aqueous 2.3mg/g 7 93% (Kluczka et
zeolite solution al., 2015)
(FAZ)
Palm Qil 10 mg/L Synthetic 1.796 mg/g 7 65.69% (Chieng &
Mill Boiler boron Chong, 2013)
(POMB) solution
Ash
Calcined 10 mg/L Synthetic 3.39 mg/g 10 49% (Kavak,
alunite boron 2009)
solution
Tartaric 20 mg/L Synthetic 1.97mgl/g 6 (Zohdi et al.,
acid- boron 2014)
modified solution
MWCNTSs
(TA-
MWCNTS)
Activated 50 mg/L Synthetic 8-8.5 65% (H. Liang et
Alumina boron al., 2008)
solution
RDPs 1.502 mg/L  Groundwater  13.34 mg/g 7 44%
MDPs 13.42 mg/g 39%
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2.3.5 Membrane processes

2.3.5.1 Electrodialysis

Electrodialysis (ED) is an electrically driven process for the removal of boron using
ion-exchange membranes. Charged solutes move via selective ion exchange
membranes (IEMs) by taking advantage of voltage differences among electrodes
(Mezher et al. 2011; Tagliabue et al. 2014; Landsman et al. 2020).

IEMs have synthetically immobilized ion exchangers on membrane material,
including cation exchange membranes (CEMs), anion exchange membranes (AEMS),
and bipolar membranes (BPMs). CEMs and AEMs in electrodialysis systems are
positioned in an alternating configuration and are subject to an external electrical field,
as illustrated in Fig. 3 (Dydo and Turek 2013; Tang et al. 2017).

CEMs and AEMs are subject to an outside electri- cal field that causes cations and
anions to transition from the dilute chamber to the concentrate chamber (Freger et al.
2015; Tang et al. 2017). Boron-concentration-gradient-driven diffusion, combined
with a convective drag of the ion stream, is the key mechanism of boron transport
between AEMs and CEMs. In neutral conditions, undissociated boric acid molecules
are the dominant species in the boron solution. The majority of boron molecules were
discovered to be carried by AEMs rather than CEMs, suggesting that boron is highly
influenced by anion and cation form (Goli et al. 2010; Dydo 2012; Tang et al. 2017).

Concentrate

Diluate
CEM | AEM CEMI}\EM EM

Figure 2.3 : Diagram of the electrodialysis process.
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Figure 2.4 : The scheme of BMED process.

AEMs and CEMs in combination with BPMs are used in the bipolar membrane
electrodialysis process (BMED) as illustrated in Figure 2.4. When an electrical field is

present, a BPM enables water dissociation.

The BPM consists of three major components: the anion exchange layer, the cation-
exchange layer, and the hydrophilic interface at the intersection of the anion- and
cation-exchange layers. In aqueous solutions, water molecules move to the hydrophilic
cavity where they are split into H and OH™ ion ions after a direct current has been
applied to a bipolar membrane. The ability of the bipolar membrane to produce proton
and hydroxyl ions from water molecules at the hydrophilic interface under direct flow
is thus a major factor in the electro membrane separation process. Thus, due to the
presence of the bipolar membrane, BMED produces acids and bases as new materials
in different chambers. For example, boron has been recovered as HsBOs during the
BMED process (Mani 1991; Bunani et al. 2017). Due to the BMED system being
intended to separate a saline solution into its acidic and basic components without the
need for any chemical additives, it can be considered a relatively “environmentally

friendly” technique (Bunani et al. 2017).

In the numerous studies about ED and BMED for the removal of boron from waters,
membrane type, ion types that migrate towards the membrane, density of the electric
current, and initial boron content of dilute have been shown to be the factors that most
strongly affect boron flux at neutral pH. Goli et al. (2010) investigated the effect of
acids and salts on boron diffusion via CEMs and found that boron flux reduced with
cation type in the following order: K* >Na* >H* >Ca?* >Mg?*" >AIF*. This order
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suggests that boric acid transport occurs more readily in the presence of monovalent
cations than with divalent cations. It was further observed that boron was transported
more successfully through AEMs when sulfate ions were present than when nitrate
and chloride ions were present (i.e., SO4>>CI~, NO*"). These findings imply that the
majority of boron molecules are conveyed by AEMs rather than CEMs and were
significantly affected by the anion and cation forms (Goli et al. 2010; Dydo 2012,
2013). Prepared P84 co-polyimide porous membrane modified with quaternized gra-
phene oxide (QGO) were used as an anion exchange membrane for boron removal in
the BMED process by Sun et al.(2020). The produced composite membranes were
shown to be effective for boron removal, achieving 76.6% boron removal efficiency
from a model solution containing 1000 mgB/L (Sun et al. 2020). Dydo and Turek
(2013) used various IEMs in pairs to investigate the boron flux obtained from different
membranes. The authors found that PC-SA AEMs had the highest flux with an initial
boron content of 0.1 M and 100 A m™2 electric current density (Dydo 2013). In the
study conducted by Nagasawa et al. (2011), 45% boron removal was achieved via ED,
whereas < 90% rejection was achieved with BMED (Nagasawa et al. 2011). Simi-
larly, Hung et al. (2022) reported 98.53% boron removal efficiency by using five
cycles of sequential feed batch BMED (Hung et al. 2022). Ipek¢i et al. (2018)
investigated the effects of acid and base solution types, concentrations in acid and base
compartments, and electrical potential on boron removal. By utilizing HCI and NaOH
solutions in acid and base compartments, they obtained 86.9% boron separation
(Ipekgi et al. 2018).

In ED, organic compounds such as humate can accumulate on ion exchange
membranes, which serves to raise the electrical resistance of the membranes (Lee et
al. 2003). For instance, humic acid was observed to foul membranes used in ED,
impacting salt flux (Lee 2002; Kim et al. 2003; Park et al. 2006). As the majority of
organic matter at neutral pH is negatively charged, deposits mostly occur on anion
exchange membranes (Banasiak and Schifer 2009). In addition, the presence of the
Mg and Ca ions affects the purity of products treated with BMED. Cations such as
Ca?*, Mg#*, and Na* form complexes with boron, which account for 44% of boron in
seawater, and so are prevalent in the feed. Removal of such ions is important not only
in terms of membrane scaling but also for enhancing the purity of the finished product.
As a result, a pretreatment technique is generally suggested prior to the BMED
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procedure (Bunani et al. 2017; ipekci et al. 2018). Transportation of boron in ED
increases when the pH of sample water increases higher than 9 (Dydo 2013; Dydo and
Turek 2013). However, due to low electrical current performance for boron transport,
the ED method for boron removal is comparatively costly; however, it has been
proposed that costs can be reduced by improving energy efficiency and using more

inexpensive membranes (Tagliabue et al. 2014).

2.3.5.2 Donnan dialysis

Unlike ED, no external electrical field exists in a Donnan Dialysis (DD) operation;
only one kind of membrane (CEMs or AEMS) is often used. During DD, borate is
transported via AEM in the receiving solution from the so-called feed solution.
However, an equivalent amount of another anion—called as driver anion—must be
transferred from the receiving solution to the feed solution to satisfy electroneutrality
requirements. Chloride, sulfate, or even hydroxyl ions may take the role of the driver
ion. The entire procedure takes place before some relationships are reached in
obtaining and feeding solutions between borate and driver ion concentration. This ratio
is established by the equilibrium of Donnan. Due to the process balance, the driver ion
is typically required to be in excess of the extracted ion (Dydo and Turek 2013). The
feed solution boron content, presence of accompanying ions, membrane type, pH, and
the driver anion in the receiving solution can all affect boron removal in the DD
process (Ayyildiz and Kara 2005; Kir et al. 2011).

Avyyildiz and Kara (2005) compared different anion exchange membranes in the DD
process for boron removal under various conditions. According to their results, the
most effective AEM is AFN, which permitted more boron transport than Neosepta-
AHA and AMH membranes. In the presence of HCO3 ions, boron flux reached a
maximum, and the accompanying sodium chloride ion resulted in the highest boron
transport rate (Ayyildiz and Kara 2005). Kir et al. (2011) used plasma modification to
AEM to enhance its transport capacity and efficiency. The authors reported that as the
boron concentration was increased in the feed solution, the flux also increased (Kir et
al. 2011). They further used an electron cyclotron resonance plasma (ECR) treatment
method to enhance anion exchange membrane performance. The optimum pH selected
was 9.5, and the plasma- modified AFX membrane was shown to be the most effective
AEM for boron transport while boron flux was observed to decrease in the presence
of valence anions in the order of SO4*>~ < CI".
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DD was also used for regeneration of BSR (Dowex XUS 43594.00) by Bryjak et al.
(2007), who tested three kinds of AEMSs for boron removal; 1) an AESD-2
interpenetrating polymer membrane (IPN), a microheterogeneous polyelectrolyte
network; 2) a non-porous poly(phenylene oxide) (PPO), a gel-like membrane which is
more homogeneous; and 3) a porous PPO membrane (Bryjak et al. 2007). According
to their results, NaCl transports boron far more efficiently than Na>SOa. They reported
that regeneration of boron-loaded resins can be conducted by Donnan Dialysis and the
first- stage seawater RO brine can be effectively used for BSR regeneration (Bryjak et
al. 2007). Vanoppen et al. (2015) used RO concentrate in DD to increase recovery for
drinking and process water treatment but emphasized that the membrane cost of DD
needs to decrease to compare economically with other approaches (Vanoppen et al.
2015). Ping et al. used microbial desalination cells (MDC) coupled with a DD system
for boron removal (Ping et al. 2015). Without DD, direct cathodic alkalinization of
boron was not successful. Additionally, considerable salt accumulation occurred and
lower than 2 mg/L boron concentration was obtained via the MDC-DD treatment (Ping
et al. 2015). Ping et al. (2015) also equipped microbial fuel cells (MFC) with AEM to
remove excessive boron during desalination by electricity generation. They found
MFC to successfully remove boron for both pretreatment and post-treatment modes,
and the boron concentration decreased in the post-treatment mode to satisfy
requirements for irrigation or municipal use (Ping et al. 2016).

2.3.5.3 Forward osmosis

Forward osmosis (FO) has recently been identified in recent years as a high-potential
method for water treatment (Chang et al. 2020; Najid et al. 2021). It requires less
energy than RO and boasts operational simplicity (Jin et al. 2012), higher water
recovery (Jin et al. 2012; Chang et al. 2020), lower membrane fouling (Jin et al. 2012;
Liu et al. 2019), higher boron rejection, and higher cleaning efficiency (Kim et al.
2012; Najid et al. 2021). FO is an osmotic process where the driving force is the
osmotic pressure difference between feed solution and draw solution. Water flows
from a low osmotic solution to a high osmotic draw solution (DS) across the semi-
permeable membrane (Figure 2.5). Hence the draw solution is diluted (Cath et al. 2006;
Fam et al. 2014, Liu et al. 2019; Chang et al. 2020; Darwish et al. 2020; Najid et al.
2021).
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The energy requirement is lower in FO compared to RO due to the of use the osmotic
pressure difference but requires a very high hydraulic energy input (Fam et al. 2014).
The draw solution as the final product is diluted to some extent and requires further
separation after the initial FO treatment (Fam et al. 2014; Liu et al. 2019; Darwish et
al. 2020). As a result, FO would likely need to be used in combination with other
processes such as nanofiltration (Kim et al. 2018), reverse osmosis (Arjmandi et al.
2020; Lee et al. 2020; D’Haese et al. 2021), or membrane distillation (Lee et al. 2018b;
Islam et al. 2019; Li et al. 2020) for to achieve the required separation or recovery.

FO has been investigated in literature for boron removal, as shown in Table 2.3. The
membrane active layer may face the feed solution or the draw solution, but boron
retention seems to be more efficient in when the active layer is facing the feed solution
(AL- FS mode) than when the active layer is facing the draw solution (AL-DS mode).
AL-DS mode is likely more successful due to the combined effects of concentration
polarization of the internal concentration (ICP) and dilutive outer polarization, which
produce conditions for favorable to borate diffusion (Jin et al. 2012; Kim et al. 2012;
Liu et al. 2019). In addition, boron removal by FO has been shown to be affected by
feed concentration, draw solution type, pH, and membrane orientation (Kim et al.
2012; Fam et al. 2014).

Membrane

Osmotic pressure

b

Feed Draw solution Feed Draw solution

Figure 2.5 : Diagram of forward osmosis process.
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Table 2.3 : Summary of select systems for boron removal by forward osmosis.

Operation cond. Boron Main findings Draw Ref
removal (%) Solution
5-10 mg B/L feed 29%-62% for With increased B content in the 2 M NaCl (Jinet
solution; AL-FS mode; CTA-HW feed, boron flux increased al.,
AL-DS mode; CTA-HW membrane for Higher water flux in AL-DS mode 2011)
and CTA-W membranes AL-FS CTA-HW  membrane  showed
used higher boron flux
pH 7 for feed; pH 5-6.2- ca. 25%-30%  Solute flux did not change with 2 M NaCl (C. Kim
9-11 for draw; 80 mg draw solution pH changes; 1.6 M CaCl2 etal.,
B/L; In AL-FS mode water flux and 1.5M LaCls 2012)
boron flux are lower than in AL-DS
mode
5mg B/L pH 11 for feed Max. 94% by Water flux for different draw 2 M KCI (Fam et
solution; TFC membrane  electrostatic solutions as KCl >(NH4):S0s > 2M al.,
repulsion at  NHsH2POs (NH4)2S04 2014)
pH 11 Boron rejection rates were KCl > 2 M
(NH4)2S04> NH4H2PO4 NHsH2PO4
Boron rejection rate increased with
increasing KCI draw conc. from 1
mg/L to 3 mg/L;
AL-DS mode resulted in higher
water flux, boron flux, and lower
rejection rates
Boron rejection was independent of
feed boron conc.
pH 5.9+0.2, cellulose >60% for At water fluxes, less than 15.3 NaCl (Jin et
triacetate FO membrane,  AL-FS mode L/m?h, alginate fouling in the al.,
membrane support layer had a 2012)
negative impact on boron rejection.
B rejection was higher in AL-FS
mode
pH 7-9-11 for TFC-AIM  Max. 99.9% CTA membrane achieved 62% 0.5-2M (H.-M.
membrane, pH 7 for CTA boron removal so TFC-AIM MgCl2 Chang et
membrane; 600 mg BIL, membrane was selected; increasing al.,
0.5-30 mM CTAB was DS conc. resulted in boron conc. 2020)
used in the feed solution, decreasing in DS
FO-MD hybrid system Boron rejection was increased to
99.9% from 98.4% with the
addition of CTAB to feed for the
TFC-AIM membrane; water flux
increased with increasing DS conc.
FTS H20, PSU, and Max 90% for Boron solute flux increased with 0.5-3 M (Darwish
Aquaporin Inside FTS H20 rising DS and boron conc. however  MgClz etal.,
membranes; feed solution membrane at decreased with rising FS pH; boron 2020)
pH 4-10, pH 10 rejections increased to 90% from

10-100 mg B/L

12% for pH 4 and 10 of FS,
respectively for FTS H20
membrane, 8% to 84% for PSU,
and 8% to 76% for Aquaporin
Inside membranes

DS conc. raise from 0.5 to 3M
resulted in boron rejection rate
increment from 20% to 54% for
FTS H20, 14% to 50% for PSU,
and 8% to 40% for Aquaporin
Inside

Boron concentration increment had
no significant effect on boron
rejection
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2.3.5.4 Reverse osmosis

One of the most essential technologies for purifying water is reverse osmosis (RO),
where pressure is the driving force. Under alkaline conditions (pH>9), boron is mainly
found as negatively charged borate ions, which can be removed by RO with very high
efficiency due to Donnan repulsion and size exclusion of borate ions. However, RO is
incapable of separating the poorly hydrated boron molecules that dominate at acidic
and neutral pH, given the lack of electrostatic repulsion (Tang et al. 2017; Najid et al.
2021). When the pH is lower than the pKa value of 9.23 (at atmospheric pressure, 20
°C), boric acid is found as uncharged H3BOs in water, while at pH higher than the pKa,
various negatively charged H3BOs compounds dominate in solution and can be
rejected by negatively charged membranes. In aqueous solutions, borates are often
well hydrated, which increases their molecular sizes on the side of the membrane feed
promotes greater retention (Sagiv and Semiat 2004; Hyung and Kim 2006; Oo and
Song 2009; Oo and Ong 2010; Tu et al. 2011; Bartova et al. 2016).

Boron rejection by seawater reverse osmosis (SWRO) membranes has been reported
as 88-91% and as 30-80% for brackish water reverse osmosis (BWRO) membranes
under standard conditions, but shifting the pH to 11 in these systems, resulted in
increases of boron rejection to 99.5% for SWRO and 99% for BWRO membranes.
However, these high pH values are known to cause scaling layer precipitation;
therefore, increased pH is mainly employed in treatment processes utilizing a series of
arrays, such as double pass RO (Fig. 6a) or several process configurations (Kabay and
Bryjak 2015). For example, pH alteration is generally employed in the second RO
stage (BWRO) to prevent scaling (Tang et al. 2017). Farhat et al. (2013) used a two-
pass RO system without pH adjustment and achieved boron rejections as high as 96%
(Farhat et al. 2013). In a study conducted by Xu et al. (2010), the addition of sodium
hydroxide prior to the second stage resulted in boron rejection between 80 and 95%,
facilitated by the elevation of pH to 9.5-10.5, the pH regime that favors boron removal
(Xu et al. 2010).

A single-stage unit is generally not enough to decrease the boron content to conform
to WHO recommended limits, and several more complex designs have been developed
to reduce the boron content in RO to meet these guidelines. However, additional steps

result in higher energy demands, capital investment, and possibly chemical usage
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(Wang et al. 2018). Optimization of eight different design concepts for reducing boron

removal costs was conducted by Glueckstern and Priel (2003).

The hybridization of the second pass RO with BSR (Figure 2.6b) was found to reduce
cost (Glueckstern and Priel 2003). A study of Taniguchi et al. (2004) confirmed that
cost reduction for high boron removal required a two-pass RO and BSR combination
(Tani- guchi et al. 2004). Faigon and Hefer (2008) compared a two-pass RO and
cascade design (Fig. 6¢) and found that the cascade design allows for adjustment of
operating conditions based on the temporary demands of the treatment plant, which
can lower costs even more than the two-pass system (Faigon and Hefer 2008). Han et
al. (2017) investigated a hybrid membrane inter-stage design (HID) with single-pass
RO as an alternative to two-stage RO, thus reducing the cost by eliminating the
additional pass. They used a 45% recovery rate as the optimal recovery rate and
reported that the recovery rate is affected by total dissolved solids (TDS) in the feed,

temperature, and the membrane position in the pressure vessel (Han et al. 2017).

The design target should be described by objective functions to evaluate the various
configurations: (1) minimizing batch operation; (2) maximizing boron removal; and
(3) minimizing the cost of investment. The decision-maker must specify a utility

function to enable proper selection (Z7) (Bick and Oron 2015), as shown in Eq. 2.5.
Zy = (Min batch operation) + (Max boron removal) + (Min investment cost) (2.5)

The pH influences the surface characteristics of the membrane, especially membrane
charge and zeta potential, as well as the boron speciation. The zeta potential shows
that a rise in pH causes membranes to become more negative. An even greater negative
charge produces higher rejection as the interactions between membrane and anions are
increased by electrostatic forces. Thus, the increase in pH is a proven method to
increase boron removal by RO membranes when economically justifiable (Koseoglu
et al. 2008, 2010; Oo and Ong 2010; Tu et al. 2013; Freger et al. 2015). In addition to
pH, the pressure, temperature, recovery rate, membrane type, and feed solution
influence boron separation in RO (Giiler et al. 2015; Bartova et al. 2016; Najid et al.
2021). While boron removal through RO can be enhanced by different operational
conditions and membrane types, the use of additional processes like ion exchange or
second pass means additional operational and capital costs (Han et al. 2017).[s:k:p}The
membrane is the main component of any RO system. The traditional RO membrane is
made of cellulose-based polymers; however, the thin-film (TFC) polyamide (PA)
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membranes are now dominating the RO market due to the achievement of 99.8% salt
rejection under normal SWRO test conditions (32,000 mg/L NaCl feed solution at 55
bar applied pressure). TFC membranes are also capable of achieving much greater
permeability than asymmetric cellulose triacetate-membranes (Lim et al. 2021). The
old membrane types (SW-8040) are reported to have a relatively low boron rejection
efficiency (75%), particularly after long membrane service. Newer membrane types,
such as FilmTec SW 380HR, SW 30HR, and Toray UTC-80-AB, have performed
significantly better at removing boron. In seawater desalination, the concentration of
boron can be reduced below 1 mg/L in the permeate using these membranes, but this
concentration is still higher than the WHO standard (0.5 mg/L) (Glueckstern and Priel
2003; Kabay and Bryjak 2015). At pH 8.2, Kabay and Bryjak (2015) observed boron
rejections of 85% and 92% by Toray and Filmtec; however, at pH 10.5, the same
membranes were able to achieve higher than 98% rejection and permeate boron
concentrations of 0.1 mg/L (Kabay and Bryjak 2015). Four key challenges are still
confronting TFC- SWRO membranes: tradeoffs related to permselectivity, poor boron
rejection, membrane fouling, and low resistance to chlorine-based oxidizing agents.
Therefore, future SWRO membrane research is expected to focus on these four sectors
to further enhance the durability and efficiency of SWRO membranes (Lim et al.
2021). Newly developed RO membranes have a tighter selective layer with a greater
affinity for water and lower boron affinity (Tang et al. 2017). A recently developed
citrate-modified layered double hydroxide (CA-Mg-LDH) TFN membrane was used
for boron removal by Zhao et al. (2022) with limited success, For the initial boron
concentration of 10 mg/L, these TFN membranes achieved 75% boron rejection (Zhao
et al. 2022).

Most manufacturers take the principal approach of producing high-boron refusal
grades for RO membranes by "tightening" the membranes and increasing the rejection
of boron at the cost of decreased permeability (Freger et al. 2015). Wang et al. (2022)
reduced pore size and obtained highly selective SWRO membranes by customizing
PA SWRO membranes. The authors achieved 95.34% boron removal efficiency by
adjusting the polymeric density and including functional groups of an oligomeric
overlay on the PA active layer that were tailored to enhance boron removal (Wang et
al. 2022). In a study conducted by Li et al. (2022) on enhancing boron removal by TFC

membranes, the authors applied UV irradiation during the interfacial polymerization
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(IP) process. With the resulting modified hydroxyl-rich PA TFC membrane, a boron
removal efficiency of 92.8% was obtained (Li et al. 2022). Some promising novel
materials have also been studied widely by researchers, including carbon-based
materials such as graphene, carbon nanotubes (CNTSs), and Aquaporin (AQP) proteins
(Yang et al. 2018).

Temperature in the RO system has a strong effect on pKa and pKb values of boron,
which in turn affects removal. The impact of temperature on the rejection of boron is
a tradeoff between increased permeability of boron through the membrane and
decreased pKa. Boron rejection will usually decrease at high temperatures because
permeability influences recovery more strongly than pKa (Tu et al. 2010). Xu et al.
(2010) reported that boron rejection decreased from 85 to 68% with increasing
temperatures from 8 to 26 °C. A 46% increase and 3.8% decrease in permeate flux and
boron rejection, respectively, resulted from the increase in temperature from 10 to 25
°C (Xu et al. 2010). According to the results of later study by Fujioka et al.(2014),
boron rejection decreased from approximately 40% to below 10% with temperature
increasing from 10 to 35 °C (Fujioka et al. 2014). Giiler et al. (2011a) reported that at
55 bar permeate boron concentration increased from 0.7 to 0.9 mg/L for the

temperature values of 9.8 °C and 15.4 °C, respectively (Giiler et al. 2011b).

Similar to temperature, higher salinity also lowers pKa and increases borate ions; thus,
as salinity increases, boron removal will decrease (Hilal et al. 2011). This phenomenon
can be attributed to charge neutralization or obstruction of membrane surface potential.
Electrostatic interactions between a membrane surface and a borate ion are reduced,
or the membrane charging density is changed, and ions are diffused more rapidly
through the membrane due to reduced membrane surface potential at high salinities
(Oo and Song 2009; Hilal et al. 2011; Najid et al. 2021).

The rejection of boron increases generally with increasing transmembrane pressure.
Concentration polarization increases as a result of increasing applied pressure and the
boron concentration at the membrane surface increases, leading to boron diffusion. In
general, water flow increases more than boron flow at high applied pressures, which
leads to increased boron rejection. Interestingly, pressure affects boron flow
considerably if the pH of the feed is low but is negligible if the pH of the feed is high
(Kezia et al. 2013; Tang et al. 2017). Koseoglu et al. (2010) investigated the effect of
operational parameters on boron removal. They reported that increasing operating
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pressure increased boron rejection with BWRO membranes at about 20 bar. The boron
rejection was found to be higher than 92% for SWRO membranes operated at about
48 bar (Koseoglu et al. 2010). Boron discharge improved from 82 to 91% at pH 9.5 as
the operating pressure was raised from 0.8 to 1.4 MPa during the fixed recovery
condition. In addition, the pH of permeate was calculated and the pressure associated
with an increasing boron and salt rejection showed a decreasing pattern according to
Xuetal. (Xu etal. 2010). Certain chelating agents that have numerous hydroxy!l groups
and may chelate with boric acid and borate by the addition of glycerol, mannitol, and
sorbitol to the feed water, can also have a positive effect on boron removal in
nanofiltration and RO processes. Polyols in the retentate are the main problem that
needs additional treatment (Dydo et al. 2012; Tu et al. 2013).
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Figure 2.6 : RO system configurations for boron removal by a) Two-stage RO,
b)Two-stage with boron selective resins (BSRs), c)Cascade design (modified from
Tang et.al. 2017; Butterwick et.al. 1989; Farhat et.al. 2013).
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2.3.5.5 Membrane distillation

Membrane distillation (MD) is a relatively new membrane technology that is a
thermally driven filtration process. Since changes in boron concentrations in feed
water are less critical and require lower temperatures than conventional distillation and
lower operating pressure than other membrane processes, MD has gained much
attention. Hydrophobic membranes are used for this process to allow only water vapor
molecules to transport to the side of the permeate. The schematic of MD is illustrated
in Figure 2.7.

Membrane distillation can be found in four main configurations: direct contact
membrane distillation (DCMD), air gap membrane distillation (AGMD), sweeping gas
membrane distillation (SGMD), and vacuum membrane distillation (VMD). With MD,
100% theoretical rejection for non-volatile solutes is possible (Tang et al. 2017; Najid
et al. 2021). Membrane type (Ozbey-Unal et al. 2018); membrane properties such as
membrane thickness, hydrophobicity of membranes, and liquid entry pressure (LEP)
value (Khayet and Matsuura 2011; Shim et al. 2015; Munirasu et al. 2017); operational
parameters (Boubakri et al. 2015; Julian et al. 2016; Kabeel et al. 2017; Eryildiz et al.
2021); and module properties and configurations (Guillén-Burrieza et al. 2012; Abu-
Zeid et al. 2015; Mutlu Salmanli et al. 2022) can all affect the flux and removal
efficiencies during MD. Hou et al. (2013) used DCMD for the removal of boron from
seawater. Starting with a boron concentration of 4.65 mg/L in the feed, the permeate
concentration reduced below 20 pg/L and the salt removal efficiency was 99.9% (Hou
et al. 2013). Boubakri et al. (2015) conducted a study with a high initial boron
concentration of 200 mg/L and achieved 90% rejection via DCMD with a 27 kgm 2h™?
flux value. They also treated seawater containing 5.37 mg/L boron and reduced the
boron concentration to lower than 0.47 mg/L in the permeate (Boubakri et al. 2015).
Vacuum-assisted air gap membrane distillation (VAGMD) was recently used to
remove boron from synthetic and geothermal waters (60.84 mgB/L) in our previous
study. Boron removal efficiencies were higher than 99%, resulting in permeate boron
concentrations below 0.5 mg/L (Mutlu Salmanli et al. 2022). MD is less susceptible to
complications from salt in the feed and to pH, which has been proven by the literature.
Even up to 750 mg/L initial boron concentration the permeate boron concentration was
lower than the max permissible limits and 99.8% removal efficiency was achieved

(Hou et al. 2010). However, the feed temperature does affect the flux increment. Due
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to the need for energy for heating feed solutions, MD is considered an energy-intensive
process. As a result, research on reducing costs have focused on high flux membrane
development (Hou et al. 2010, 2013; Xu et al. 2017; Yang et al. 2017, 2019; Duong et
al. 2018; Ozbey-Unal et al. 2020) and sustainable energy source usage such as solar
energy or waste heat (Sudrez et al. 2015; Chafidz et al. 2016; Lee et al. 2018a; Zarzoum
et al. 2019; Abdelgaied et al. 2020). Ozbey-Unal et al. (2020) fabricated a high-flux
nanofiber-based membrane for boron removal from geothermal water. They used
different polymer concentrations (from 10 to 17.5%), different additive concentrations
(2.5-10%), and heat treatment to optimize the membranes. They reached a 27.7 kg/
m2.h flux value and maximum 0.25 mg/L boron in permeate water for the membrane
consisting of 15% PVDF + 7.5% PTFE (Ozbey-Unal et al. 2020).
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Figure 2.7 : Direct contact membrane distillation (DCMD) setup diagram.
2.3.5.6 Supported liquid membranes

Liquid membranes can selectively complex a single substrate that will be efficiently
transported across the membrane via unique carrier molecules, similar to ion-exchange
membranes (Abdelgaied et al. 2020). Liquid membranes fundamentally create a
double liquid-liquid separation processes in which the amount of organic solvent is
reduced. Although liquid membranes have numerous disadvantages, such as instability
under long-term operation, they are increasingly being explored for wastewater
treatment due to their operational characteristics (Comesana et al. 2011; Fortuny et al.
2012a). They are commonly classified as bulk liquid membranes, emulsion liquid
membranes, and supported liquid membranes (SLM), where capillary forces in a fine,

stable, microporous layer immobilize the organic carrier solution, forming a barrier
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between two aqueous solutions (the source and receiving phases) (Bachelier et al.
1996). Bulk liquid membranes typically consist of a water- immiscible step in a U-
tube of aqueous feeding and stripping phases. BLMs are usually employed to examine
the qualities of new carriers; due to the small membrane surfaces of BLMs, these
technologies are not broadly applicable (Kocherginsky et al. 2007). Conversely,
emulsion liquid membranes have a high surface area and low thickness, which
increases the speed of separation and accumulation inside the emulsion tool. The tool
has to be stable enough to minimize leakage but not so stable that it cannot be accessed
after separation, enabling the removal of the transported substances. Consequently, the
process must employ multiple unit operations and becomes technologically
unappealing (Kocherginsky et al. 2007). SLMs (Figure 2.8) are an effective way to
remove or recover metals at low concentrations (Fortuny et al. 2012a).

The organic liquid is generally embedded in the small pores of a membrane and held
there by capillary force. SLM combines the stripping and extraction processes in one
step that takes place at the interfaces of the aqueous solution and the organic liquid. A
chemical pumping carries the species through the liquid membrane (Gtiell et al. 2011;
Fortuny et al. 2012a). SLMs have high separation factors, low energy requirements,
low initial and operational costs, scale-up potential, and can be used with inexpensive
carriers, which make them an attractive alternative to conventional methods of

treatment and removal (Kocherginsky et al. 2007).

Fortuny et al. (2012b) wused triexyl(tetradecyl) phosphonium bis 2,4,4-
(trimethylpentyl) phosphinate (Cyphos IL 104) as a carrier in an SLM for boron
removal from seawater along with a P\VDF 0.45 um membrane as the support (Fortuny
et al. 2012b). Trioctyl/decylmethylammonium-bis(2,4,4- trimethilpentyl) phosphinate
(ALICY IL) and the trioctyl/decylmethylammonium decanoate (ALIDEC IL) were
used in a study conducted by Coll et al. (2014) for the removal of boron. The authors
inves- tigated the dependence of extraction capacity on pH and boron concentrations.
About 60% boron extraction was achieved for 0.54 M IL in a wide range of pH
according to their results (Coll et al. 2014). The ionic liquids ALICY and the mixture
of Cyphos IL 101 and Cyphos IL 167 with Cyanex 272 were used for the separation
of boron via flat sheet SLM in another study by Fortuny et al. (2012a) (Fortuny et al.
2012a). The Cyphos IL 167/Cy272 showed promising results in terms of boron
transport. In addition to the flat sheet supported liquid membranes (FSSLM), hollow
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fiber supported liquid membranes (HFSLM) offer an additional SLM configuration
that balances a higher cost against higher surface area (Kocherginsky et al. 2007).
There are very few studies in the literature investigating liquid membrane technology

for boron removal.

SLM

Feed phase Stripping phase

Figure 2.8 : Diagram of supported liquid membrane setup.
2.3.5.7 Hybrid membrane processes

In addition to the conventional and separated membrane processes, hybrid processes
have been explored for the removal of boron. Polymer enhanced ultrafiltration (PEUF)
is one such process, which uses ultrafiltration together with chelating water-soluble
functional polymers. Separation is achieved by ultrafiltration while the role of
polymers is complexation with target pollutants. The average size of these complexes
is greater than the membrane poresize, resulting in target pollutant retention on the
feed side. Chelating polymers should therefore be compatible with the target pollutant
type for desired rejection. pH is also an effective parameter for rejection (Zerze et al.
2013; Yiiriim et al. 2013). To obtain a stable complex, tetrahedrally coordinated boron
should match the chelating polymer, meaning the chelating polymer should contain
multi-hydroxyl groups. Commercial polymers such as polyvinyl alcohol and
polyethyleneimine could achieve low boron rejections due to the lack of functional
groups (Tang et al. 2017).

Different polymers have been synthesized to achieve high boron rejection in various
studies. N-methyl-d-glucamine is one of the more commonly used polymers for boron
rejection (Yirim et al. 2013; Sanchez et al. 2013, 2016). Poly(vinyl amino-N,N'- bis-
propanediol) (GPVA) was synthesized as a boron removing chelating polymer by
Zerze et al. (2013). According to their results, very high boron rejections (96%) at pH
9 were achieved by total recycle PEUF with this newly synthesized polymer and is

highly dependent on pH (Zerze et al. 2013). Three different chelating polymers were
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synthesized by Yiiriim et al. (2013). One of these polymers originated from N-methyl-
D-glucamine and others the originated from iminodipropyleneglycol. They reported
that increasing the pH value increased the boron retention, with 90.1% retention
achieved at pH 10 (Yiiriim et al. 2013). Also hyperbranched polyglycidol (HPG) and
2,3-Dihydroxypropyl-hyperbranched polyethyleneimine (Diol-HPEI) were used to
test the boron rejection capacity of hyperbranched polymers. A Diol-HPEI polymer
achieved 66-91% boron rejection in the pH range between 6.9 and 9.0 (Tang et al.
2016). Hyperbranched polymer solution viscosities are lower than linear polymers,
which limits membrane fouling, an important consideration in PEUF (Tang et al.

2017), which could be an effective boron removal technology once optimized.

Another hybrid method that combines BSRs with microfiltration (MF) is adsorption
membrane filtration (AMF). The process progresses through the following steps; (1)
boron adsorption by BSRs, (2) loaded BSRs separation from treated solution by MF,
(3) boron desorption from BSRs with mineral acid, (4) separation of BSRs by MF from
brine, (5) BSRs regeneration via mineral base, (6) recovery of BSRs and recycle back
to the first step (Hilal et al. 2011; Tagliabue et al. 2014; Tang et al. 2017). The size of
BSRs is the primary factor affecting process performance. The adsorption rate of boron
tends to increase and pressure decrease with increasing particle size when fine BSRs
are used. The pressure drop increment inherent to this process requires higher energy
consumption; however, in the AMF, the pressure drop is not dependent on the BSR
particle size, but is rather a function of membrane resistance. It follows that BSR size
could be reduced to improve process performance and the reduced quantity of BSR
would in turn reduce the cost (Koltuniewicz et al. 2004). A challenge is that
commercial BSR bead sizes between 300 and 500 um are too big for use in AMF, so
BSR development requires a maximum diameter of 50 um (Wolska and Bryjak 2013).
Thus, newer monodispersed selective ion exchange resins might be regarded as an
alternative to commercial resins (Samatya et al. 2012). In addition, the properties of
the membrane in the AMF process are important. Membranes should be hydrophilic
to reduce fouling while decreasing water transport resistance over the membrane and
minimizing any decrease in permeate flow. On the other hand, since acids and bases
are used in desorption and regeneration, membranes must be resistant to these harsh
conditions. Certain membranes like Teflon, PVDF, and PP are used because of their

wide operational pH ranges (Giiler et al. 2011a; Darwish et al. 2017; Kabay et al.

32



2006). Ceramic membranes and submerged hollow fiber membranes can also be
considered as alternatives. Ceramic membranes are expensive, but submerged hollow
fiber membranes require lower energy inputs (Guo et al. 2005). Yilmaz et al. (2006)
used 0.4 um PP submerged hollow fiber membranes, which require only a low suction
pressure, making it less energy demanding than cross-flow microfiltration. The authors
also found that CRBO02 is more suitable than XUS-43594.00 for the AMF process due
to its faster boron sorption kinetics and more rapid establishment of a stable state
(Yilmaz et al. 2006). Boron removal from geothermal water by AMF was also tested
with submerged MF or UF processes. Different operational conditions were tested,
and under optimal conditions, it was possible to reduce boron concentrations to below
1mg/L boron (Kabay et al. 2009, 2013).

2.4 Boron Recovery Techniques

Recovery means obtaining a usable final product, but there has been some confusion
in the literature over the meaning of recovery, with certain removal and retention
processes being described as recovery processes despite the lack of a (re)usable end
product. For example, boron removal from water/wastewater is described by some
researchers as recovery, but this separation of the pollutant from the water should
instead be considered as removal. To be named recovery, a usable product/raw
material must be obtained at the end of the process and the cycle must be closed (Figure
2.9).

As with removal processes, the starting point for recovery is a concentrated stream or
source of contaminants that must be purified and/or turned into a usable product.
Although it is sometimes referred to as recovery, these purification methods are those
of concentration or removal. Chemical methods are mainly used for the recovery of
boron that is concentrated or removed with different media. For this reason, when
studies in the literature are examined, the number of studies that truly address
processes for recovery is quite small. But due to the increasing population and
industrial activities requiring resources, which are already finite, the importance of
recycling an reuse is becoming correspondingly important and research and
development in this area is urgently needed. The remainder of this review is dedicated

to the summary of the few available studies on processes for boron recovery.
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Figure 2.9 : Schematic of complete wastewater treatment steps for removal,
recovery, and reuse.

2.4.1 Adsorption

Adsorption is one of the methods used for boron removal and also recovery. Granular
activated carbon (GAC) is a well known and widely used adsorbent for contaminant
removal. Zelmanov and Semiat (2014) went a step further than removal and also used
GAC for boron recovery by combining the GAC with iron oxide/hydroxide
nanoparticles (NanoFe) and NanoFe adsorbent (Zelmanov and Semiat 2014). In the
first series of experiments with NanoFe, removal and recovery of 1 and 10 mg/ dm?®
boron were investigated over pH ranging from 6 to 10.5. Concentrations of 30 mg/dm?®
NanoFe and 135 mg/dm® NanoFe adsorbent were used for the 1 mg/dm?® and 10
mg/dm?® boron concentrations, respectively. A pH 8 range of 8.1-8.3 was selected as
optimal for boron adsorption. In the second series of experiments, Fe-impregnated
GAC was employed to remove and recover boron at an initial concentration of 10
mg/dm?® over pH ranging from 7 to 10, with optimal boron adsorption occurring
between pH 8.1 and 8.3. Adsorbed boron on NanoFe and Fe-impregnated GAC was
then recovered. Increasing pH values to 11-12.5 increased the boron recovery
efficiency up to 95-98% while recovering Fe-impregnated GAC particles. By
precipitating borates with cations like Ca?*, a concentrated solution with a high pH
value may be recovered. The authors indicated that the use of NanoFe and Fe-
impregnated GAC allows for recovery efficiencies of 95-98%. Lyu et al. (2017) used
pyrocatechol (CL) and nitropyrocatechol (NCL) modified resins, (CL-RESIN and
NCL-RESIN) for boron recovery. According to their results, a pH of 9.06 and 6.7 is
optimal for boron recovery using CL-RESIN and NCL-RESIN, respectively, resulting
in respective adsorption capacities of 0.7886 mmol/g and 0.7931 mmol/g (Lyu et al.
2017).
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2.4.2 Boron selective resins

Boron selective resins (BSRs) were previously introduced in the section on boron
removal techniques, but BSRs can also be used for recovery of boron. Kabay et al.
(2004) used N-glucamine-type resins for boron removal from geothermal wastewater.
The boron was then eluted using 5% H>SO4. To separate boron from H2SO4, Diaion
WA30 resin was employed, using various conditioning steps. To see the effect of pH
on the separation of boron from H2SOs, pH 0.31, 1.0, and 2.0 were tested. The pH of
5% H2S04 was 0.31, and pH was adjusted to 1.0 and 2.0 by CaSOg precipitating from
H>SO4 after addition of Ca(OH)2. The authors reported that the ion exchange method
for boron separation from H>SO4 was not very effective on its own and proposed a
subsequent precipitation step followed by further crystallization (Kabay et al. 2004).
Diaion CRBO5 resin was used by Jung and Kim (2016) for boron recovery from
seawater containing 4.43 mg/L boron. In addition, they used H2SO4 and HCI for boron
desorption. After desorption, a 0.45 um membrane filter was used, resulting in 89%
and 91% boron desorption for 0.05 M H2SO4 and 0.25 M HCI, respectively (Jung and
Kim 2016). Figueira et al. (2022) used Purolite S108, Diaion CRB03, and CRBO5 for
boron recovery from seawater desalination plant brine. They reported CRB03 as the
best option with a high recovery ratio of 98% (Figueira et al. 2022). Amberlite IRA473
and mixed resin (Dowex 50Wx8 and lon exchanger |1 resins) were used to extract and
purify the boron by Wang et al. (2010), who reported 102% boron recovery. According
to their findings, Amberlite IRA 473 in combination with mixed resin is more effective
than Amberlite IRA 473 alone (Wang et al. 2010).

2.4.3 Electrocoagulation and hydrothermal mineralization

Henry Ezechi et al. (2015) used produced water for the recovery of 15 mg/L boron
from water treated over a 90 min contact time, at 12.5 mA/cm? current density and pH
7, which allowed for 97.6% boron removal by EC. The boron in the flocs obtained
from this part of the study was recovered by hydrother- mal mineralization at an 87%
boron recovery efficiency (translating to a residual boron concentration of 1.6 mg/L).
The recovered hydrated borate compounds can be employed in borax manufacturing
as the initial raw material (Henry Ezechi et al. 2015). Isa et al. (2014) also investigated
EC and hydrothermal mineralization methods for the removal and recovery of boron
from wastewater. The EC process was carried out at pH 7 with a current density of
12.5 mA/ cm?, over a 90 min contact time; these were reported as optimal conditions
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by which 98% of boron was removed. The flocs formed from EC were used for boron
recovery by hydrothermal mineralization, achieving recovery of 91.4% boron (Isa et
al. 2014).

2.4.4 Hydrothermal treatment

Itakura et al. (2005) investigated the hydrothermal treatment technique for boron
recovery as the recyclable precipitate Ca:B20s5.H20. For synthetic wastewater
containing 500 ppm boron, it was possible to reach 99% recovery efficiency under
optimal hydrothermal conditions (130 °C, 14 h). The authors indicated that the
precipitate can be employed in the manufacturing process of borax as a raw mineral
(Itakura et al. 2005). Tsai and Lo (2011) also used Ca(OH). and phosphoric acid to
remove and recover boron from wastewater. They compared the microwave (MW)
hydrothermal method to a conventional heating (CH) method at temperatures between
55 and 130 °C. With increasing reaction temperature, the diffraction peaks of
CazB20s5.H20 increased and stabilized after 130 °C, so this was chosen as the reaction
tem- perature. Due to the dependance of boron recovery efficiency on pH, they
reported results for pH 6-13. pH values higher than 11 raised efficiency, which peaked
at 90% for pH 13 and a 10 min reaction time. Ca(OH), usage in the MW method
resulted in 90% boron recovery efficiency and Ca.B20s.H,O crystals were formed.
With the addition of phosphoric acid in the MW method, recovery efficiency of boron
reached 99% for a 10 min reaction time where CaHPO4.H20, CaHPQO4, and
Ca10(PO4)s(OH)2 were formed. Other ions like fluoride, nitrate, and sulfate also affect
the recovery efficiency, with high concentrations of these ions retarding the recovery
of boron (Tsai and Lo 2011). Pretreated waste oysters and clam shells were used as
mineralizers to remove and recover boron in a study conducted by Tsai et al. (2011),
and a microwave hydrothermal method was used for mineralization and recovery (Tsai
et al. 2011). With a 10 min reaction time, they reached a 95% boron recovery
efficiency. Pretreated oyster shells were found as an effective mineralizer for boron

recovery from concentrated wastewater.

2.4.5 Solvent extraction

Solvent extraction is a promising method par- ticularly applicable to boron recovery
from high boron content liquor. Diols, triols, and polyols with somewhat long aliphatic

chains and limited water solubility have often been considered for boron extraction.
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This method can be categorized into three classes, (1) physical extraction, (2) non-
ionic ester complex extraction, and (3) extraction by borate salts complex. Extractants
of groups (2) and (3) are appropriate for the extraction of boron from acidic and
alkaline solutions, respectively. Hydroxyl compounds—and particularly 1.3 diols—
are believed to be most efficient for boron extraction (Matsumoto et al. 1997). Kwon
et al. (2005) used 2-butyl-2-ethyl-1,3-propanediol (BEPD) in 2-ethylhexanol (EHA)
as an organic solvent, circulated via an extraction unit to the stripping unit. Boric acid
solution was then fed to the extraction unit, and the KOH solution as the stripping
phase was circulated in the stripping unit. The pH was maintained at 10.5 and a
continuous boron recovery as a crystal was performed successfully at high boron
concentration (Kwon et al. 2005). Mohapatra et al. (2008) conducted boron recovery
experiments with 2,2,4- trimethyl-1,3-pentanediol (C16H3004) in carbon tetrachloride
as an extractant. The effect of cations/anions, initial boron, extractant concentration,
pH, and contact time were investigated. The authors reported 95.6% boron recovery at
optimal operational conditions (Debasish Mohapatra et al. 2008). At pH 2, 96.8%
boron recovery was achieved for the single extraction stage with 2,2,5-Trimethyl-1,3-
hexanediol by Karakaplan et al. VVarious concentrations of NaOH were also tested, and
96.7% boron recovery was achieved with a single stripping stage using 0.1 M NaOH
(Karakaplan et al. 2004). A novel extractant (2-butyl-1-n-octanol dissolved in
sulfonated kerosene) was used by Peng et al. (2018) for boric acid recovery from salt
lake brines. In the presence of AICIl3, MgCly, and NaCl, the salting-out effects of the
extraction process were examined, and the presence of Na*, Mg?*, and AI** cations in
the aqueous phase demonstrated a favorable impact on the extraction of boric acid.
Salting-out effects on boric acid extraction followed an efficacy gradient of AICl3 >
MgCl> > NaCl. The authors used water as a stripping agent for boric acid recovery
from the loaded organic phase. The total boric acid recovery of over 98% and product
purity were achieved after a six-stage counter-current extraction and stripping
processes (Peng et al. 2018).

2.4.6 Chemical precipitation

Chemical precipitation is a simple and economical method for boron recovery. The
hydrothermal process recovers boron as borate ores but needs high temperature and
pH values. With hydrogen peroxide addition, boric acid can be recovered as perborate
salts via chemical oxo-precipitation (COP) (Lin et al. 2016). Lin et al. (2016) used
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Ba(OH): as a precipitant at ratios of 2 and 1 for H,O>/B and Ba/B, respectively. The
boron was recovered as barium perborate salts with an efficiency of 99.7%. The boron
was reduced to 3 ppm from 1000 ppm at pH 10.5 over a 4 h reaction time (Lin et al.
2016). However, precipitation could be unpracticable due to the nonquantitative

precipitation of different boron compounds.

2.4.7 Bipolar membrane electrodialysis

The bipolar membrane electrodialysis (BMED) process was developed to divide an
aqueous saline solution into its respective acid and base with no external addition of
solvent needed. This approach has been documented as a sustainable and clean process
(Bunani et al. 2017; ipekgi et al. 2018; Sun et al. 2020). Due to its capacity to generate
proton and hydroxyl ions of water molecules at hydrophilic contact under a direct
current, a bipolar membrane is particularly important in the process of electro
membrane removal. Because of the bipolar membrane, the BMED process provides
an acid base for the fresh product in various compartments. During the BMED
operation, boron is removed as HsBOgz, but boron recovery is possible only when boron
is found as B(OH)4 . Bunani et al. (2017) investigated the effects of process conditions
like applied potential, sample volume, and pH on the recovery of boron via BMED.
They reached 78.8% boron recovery at pH 12.25, which is in contrast to recoveries of
70.9% at pH 10.25 and 63.7% at pH 9.25 (Bunani et al. 2017). ipekgi et al. (2018)
investigated the effect of different acid and base solution types, concentrations, and
electrical potential on the recovery efficiency of boron by BMED. A maximum of 50%
boron recovery was achieved under optimal conditions (30 V, 0.05 M HCI-0.05 M
NaOH) (ipekgi et al. 2018). Boron recovery in the acid compartment of BMED system
can be repre- sented in Equation 2.6.

B(OH); + H* = H3;B05 + H,0 (in the acid compartment) (2.6)

The authors observed that the initial electrical conductivities in the acid and base
compartments were of more significance than the starting concentrations. Recovery
could then be increased by the increased electrical potential and by increased specific
power consumption, according to their results (Ipekgi et al. 2018). The membrane type
and sample solution flowrate are other process parameters that affect the recovery of
boron by BMED (Ipekgi et al. 2020). A 59% boron recovery efficiency was achieved

with heterogeneous ion exchange membranes for an initial boron concentration of 812
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mgB/L under optimal conditions (3 mM HCI-3 mM NaOH, 25 V, 50L/h of sample
solution flow rate). Simultaneous removal and recovery of boron by multi-step BMED
from wastewater was demonstrated by Noguchi et al. (2018) using electrodialysis in a
semi-batch mode (Noguchi et al. 2018). The apparatus comprised a stack of five BPM-
AEM-BPM, acting to increase boron concentration until sufficient to recover boric
acid. Boron concentration in diluate was below 10 mg/L versus 10,000 mg/L in the
concentrate solution, thereby allowing for boric acid recovery from effluent. Hung et
al. (2022) also studied simultaneous removal and recovery of boron with improved
BMED. They used continuous and intermittent BMED modes and indicated that
increasing the initial pH decreases the boron removal rate while increasing the mass
transfer rate. The boron removal and recovery rates were 98.6% and 86.5%,
respectively, for pH 9.5-10.5 and under 12 V (Hung et al. 2022).

2.4.8 Reverse osmosis

RO processes can be used for both boron removal and recovery, but conventional
cellulose acetate membranes can achieve only 30% boron rejection. Liang (2005) used
a thin-film polyamide RO (tf-PA RO) membrane for boric acid recovery and silica
removal. Boron rejection increased up to 60% with the tf-PA RO membranes, and the
authors reported that the boron waste quantity after this treatment was expected to be
less than 1.5%, the silica concentration less than 1 ppm, and that the boron could be
reused (Liang 2005). Bartova et al. (2016) used different commercial PA RO
membranes for the recovery of boric acid from a nuclear power plant followed by reuse
of the final product at the facility. Feed solution pH, which strongly affects separation
efficiency, ranged from 5.2 to 11.2, and H3sBOgz concentrations ranged from 1 to 20
g/L. They indicated that 40 g/L of H3BOs is needed for reuse at nuclear power plants.
It was possible to concentrate HsBOz to a maximum of approximately 93 g/L at high

pH, according to their results (Bartova et al. 2016).

Dydo and Turek (2014) investigated the ED-RO integrated system for boron recovery
and removal simultaneously. They used ED for the first step to desalinate the boron-
containing water, followed by RO for concentration. The wastewater used in this study
contained 75 mg/L boron, which was concentrated to more than 10.8 g/L in the
retentate during the second stage RO (Dydo and Turek 2014). Before the RO step,
diluates were alkalized to pH 10 and mono and dichelate complexes of boron with

polyol were formed and the boron-rich alkaline solution was neutralized using strong
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mineral acid to form solid boric acid crystals. After the separation of solid and liquid,
the supernatant was recirculated back to the ED desalination step, where RO could

achieve higher than 80% recovery of boron and lower than 1 mg/L permeate boron.

2.4.9 Membrane distillation

Membrane distillation (MD) uses temperature difference as a driving force, as
explained in Section 2.3.5.5 With the help of hydrophobic membranes, which permit
volatile materials to pass through and exclude non-volatile materials, MD can be
described as a purification process. Depending on feed water characteristics and
intended use, it is possible to name this process a recovery. However, if only the boron
compound is needed, an additional procedure must be applied to the concentrated feed
water, such as crystallization, evaporation, or precipitation. Recovery of certain salts
and metals by the additional process following MD has been studied in the literature
(Quist- Jensen et al. 2016; Naidu et al. 2018; Choi et al. 2018, 2019; Park et al. 2020).

Jia et al. (2017) applied vacuum membrane distillation crystallization (VMDC) to
radioactive wastewater for the recovery of boric acid. The impact of the initial boric
acid concentration (0.5-100 g/L) on the rejection ratio was tested. After the
concentration of feed water by VMD at 70 °C, the concentrate was collected in the
crystallization tank. The feed solution cooled down to 20 °C for the crystallization of
boric acid since boric acid solubility decreases as temperature rises. After
crystallization was completed, the concentrated solution was filtered to collect the
boric acid crystals. At 70 °C, 50% boric acid recovery was achieved using single-stage
VMDC, and the purity of the recovered boric acid was found to exceed 99% (Jia et al.
2017).

2.5 Conclusion

Boron is one of the most important elements for humans, plants, and industries.
Previous reviews have covered some of the processes for boron removal, but a
synthesis of the research on boron recovery was not available at the time this review
was prepared. This review is the first to summarize boron recovery techniques and the
first to examine processes for boron removal and recovery together. Research in these
areas has focused on the effect of operational parameters and on the development and

testing of new materials for efficient and cost-effective removal and recovery of boron
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from water. Both conventional techniques (e.g., precipitation,
coagulation/electrocoagulation, ion exchange, adsorption) and membrane processes
(e.g., RO, MD, FO, BMED, SLM, hybrid) were discussed in detail. Conventional
processes are better known but sometimes inefficient or ineffective. Membrane
processes have gained attention due to advantages such as elimination of chemical
addition, little to no sludge production, ease of operation, and lower overall footprint.
Studies on boron removal currently vastly outnumber those on boron recovery. More
emphasis on recovery is needed in the literature to support efforts to minimize waste

and promote sustainability.
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3. BORON REMOVAL BY USING VACUUM ASSISTED AIR GAP
MEMBRANE DISTILLATION (VAGMD)?

3.1 Introduction

Membrane distillation (MD) is an emerging membrane technology that is based on
conventional distillation combined with membrane separation. The driving force is the
vapor pressure difference between feed and distillate solutions. This vapor pressure
difference causes evaporation along the hot side; vapor molecules that passed through
membrane pores are condensed when they interact with the cold side. It is possible to
obtain highly pure water and highly volatile components from the feed solution in one
step. Generally, hydrophobic microfiltration membranes are used for the MD process
to let the vapor transport through membrane pores while the water is returned. MD has
four basic configurations; 1)Direct Contact Membrane Distillation (DCMD), 2)Air
Gap Membrane Distillation (AGMD), 3)Vacuum Membrane Distillation (VMD),
4)Sweep Gas Membrane Distillation (SGMD) (Gonzalez et al., 2017; Z. Liu et al.,
2017; L. Sun et al., 2015).

DCMD is the most commonly used configuration of MD because of its simplicity to
operate. Due to the direct contact between the membrane, permeate and feed solutions
heat loss is higher than the other configurations (Gonzalez et al., 2017; Naidu et al.,
2017; Puranik et al., 2019). In SGMD configuration a cold sweep gas between the
membrane and the cold surface is used. SGMD is more complex and difficult to use
so there is limited usage of this configuration (Gonzalez et al., 2017; Z. Liu et al.,
2017). Vacuum pressure is applied to the distillate side in VMD configuration.
Because of the mass transfer resistance of the boundary layer and lower heat loss,
VMD has higher flux than the other configurations, which makes it an appealing

option, especially for use in industry. However, it is more prone to membrane wetting

2 This chapter is based on ‘Oyku Mutlu Salmanli, Ayse Yuksekdag, Ismail Koyuncu (2022), Boron
removal by using vacuum assisted air gap membrane distillation (VAGMD), Environmental
Technology&Innovation, http://dx.doi.org/10.1016/j.¢ti.2022.102395°
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owing to vacuum conditions and membrane fouling when compared with other
configurations (M. A. E.-R. Abu-Zeid et al., 2015; Gonzalez et al., 2017; L. Sun et al.,
2015). AGMD is the air gap added version of DCMD. Due to the lower heat loss than
DCMD, AGMD is one of the most preferable and most widely used MD

configurations.

AGMD is assumed to be the most promising MD configuration in terms of heat
recovery due to the vaporization and recovery of the latent heat of condensation in the
module simultaneously. But the air gap causes a higher mass transfer resistance which
results in flux decrease. Although AGMD is assumed to be the promising
configuration of MD technology, its production per membrane area is lower than the
DCMD configuration (Cheng et al., 2009; Z. Liu et al., 2017). Water vapor pressure
decreases when the non-volatile concentration increases in the solution fed to the
module which causes decreasing in the permeate flux also (Khayet & Matsuura,
2011a). On the contrary, due to the design of the AGMD module, the permeate is
condensed on a cold surface instead of on a membrane surface so AGMD can be used
in areas that usage of DCMD is limited (Asghari et al., 2015; EI-Bourawi et al., 2006).

Non-condensable gases are the gases dissolved in the feed solution such as air, carbon
dioxide, and other gases. These gases are absorbed into the membrane pores and pass
to the permeate solution as well. Because of the presence of these gases that reduces
the condensation in the feed solution, vapor diffusion of water is decreased which
results in decreasing permeate flux (Khayet & Matsuura, 2011a; Z. Liu et al., 2017;
Naidu et al., 2017). By lowering the air gap pressure until it is equal to the water vapor
pressure the permeate flux of AGMD increases. Removal of these non-condensable
gases which are responsible for the main mass transfer resistance improves the
permeate flux compared to the AGMD at atmospheric pressure (Alsaadi et al., 2015;
El Amali et al., 2004; Guijt et al., 2005).

There are studies about boron removal by using MD technology in the literature.
Boubakri et.al. studied boron removal with DCMD. They used different boron
concentrations from 2 to 200 mg/L. They observed that the permeate boron
concentration was below 0.8 mg/L. It was lower than the limit value of 2.4 mg/L
imposed by WHO for potable water. They reported the calculated flux value according
to the Knudsen-molecular model and experimental flux was stable at 11 kg/m?h. They

also used seawater for boron removal by DCMD. The initial boron concentration was
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5.37 mg/L and the maximum permeate boron concentration was 0.47 which is below
the limit value recommended for drinking water by WHO (Boubakri et al., 2015a). In
the study conducted by Wen et.al., the boron removal from highly saline radioactive
wastewater by DCMD was investigated. The permeate boron concentration remained
below 2 mg/L and the rejection factor was higher than 99.97% (Wen et al., 2016). Hou
et. al. used DCMD for desalination and boron removal of 4.65 mg/L boron contained
seawater. They reported the boron concentration kept below 20 pg/L and salt rejection
over 99.9% (Hou et al., 2013a). There are a few studies about VAGMD in the literature
but there is no study about the removal of boron by using VAGMD which encouraged
us to make this study. Andrés-Mafias et. al. conducted VAGMD configuration by
using pilot-scale modules and reported that they increased permeate flux up to 234%
(Andrés-Manas et al., 2020). Abu-Zeid et al. used different salt concentrations up to
44825 ppm and compare the non-vacuum and vacuum-assisted AGMD. They also
reported the vacuum integration to the air gap membrane distillation improves the
permeate flux due to the removal of non-condensable gases (Abu-Zeid et al., 2016).
Liu et al. also studied VAGMD and investigated the effect of some parameters on
optimal vacuum pressure (Liu et al., 2017). Summary of VAGMD studies were listed
in Table 3.1.

Table 3.1 : Summary of VAGMD studies from the literature.

Feed water Membrane Vacuum Flux GOR SEC Scale Reference
Material Pressure
Saline PTFE 0-0.01 437- 0.48 — NA Lab (M. A E.-
solution MPa 11.87 1.28 scale R. Abu-
kg/(m2.h) Zeid et
al., 2016)

Tap water PVDF 0-0.1 3-15 1-65 125 -300 Lab (Z. Liu et

MPa kg/(m?2.h) (kwh/m®)  scale al., 2017)
(EE)

Saline NA 150 - ~0-8.5 14— 100 —-900 Pilot- (Andrés-

solution 200 L/m2.h 135 (kWh/m®)  scale Mailias et
mbar (TE) al., 2020)

Synthetic PVDF 0-08 5-22 NA NA Lab- (Y. Kim

saline (PAC bar L/m2.h scale etal,

wastewater  addition) 2020)

*EE: electrical energy, TE: thermal energy

The AGMD and VAGMD configurations were used in this study to remove boron
which is an important element with usage in various fields from various water sources.

Different vacuum pressures were compared to observe the effect of pressure on the
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VAGMD process. Both NaCl solution and synthetic boron solution were also used to
determine the process efficiency in terms of conductivity and boron removal. In this
context, six different commercial flat sheet membranes were used. The effect of
vacuum pressures was investigated in terms of permeate flux, salt removal efficiency,
and boron removal efficiency. According to the results of this study, it is clear that
VAGMD could be used successfully for the treatment of waters containing boron by
utilization of its higher flux and gained output ratio (GOR) whereas lower energy
consumption which reduced the costs.

3.2 Material Methods

3.2.1 Material and equipment

Commercial membranes used in this study were polyvinylidene fluoride (PVDF),
polytetrafluoroethylene (PTFE), and polypropylene (PP). PVDF and PTFE were
purchased from Sterlitech while PP membranes were supplied from GE Water. Two
different pore sizes were selected for each membrane. The properties of membranes
was taken from a supplier can be seen in Table 3.2. The contact angle of membranes
was measured by using the sessile drop technique with KSV Attension Theta branded
contact angle meter. Distilled water was used to determine the contact angles of
membranes. Water was dropped onto the straight membrane surface via a
microsyringe. At least, five measurements were conducted for each membrane sample
and the values were averaged. Liquid entry pressure (LEP) analysis was conducted by
using Quantachrome 3G Porometer using DI water similar to the literature. Air
pressure was increased gradually till liquid passed through the membrane. At this inlet
pressure, the flow rate of the gas is recorded by the sensors, and the corresponding
pressure is recorded as the liquid inlet pressure (Ahmed et al., 2017).

Table 3.2 : The properties of commercial membranes.

Membrane Poresize Membrane IPA
Type (nm) thickness Bubble
(um) Point (psi)
PTFE 0.22 102-152 >20
PTFE 0.45 76-127 >10
PVDF 0.22 140-250 40-60
PVDF 0.45 140-250 25-40
PP 0.20 110 15.0
PP 0.45 110 11.0
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Boron concentration of both feed and permeate water measured via ICP-OES Optima
7000. Five-points, at least, calibration done by using 1000 ppm B (Inorganic Ventures)
solution and 3% HNO3s. R? coefficient is higher than 0.999. Each sample was measured
three times.

3.2.2 Experimental setup

The experimental setup was given in Figure 3.1. Vacuum pressure was applied to the
permeate side thereby enabling the convective transport process. Thanks to the
hydrophobicity of the membrane liquid transport were not permitted to the membrane
pores and a liquid-vapor interface occurred. Vacuum pressure was created by a
vacuum pump. Feedwater was heated to 70 °C by using a heating bath and circulated
via a peristaltic pump which has a 1.4 L/min flow rate. Cooling water which is 20 °C
flowing of 480 mL/min rate from cooling bath was used to cool membrane module
which has 7 mm air gap width for fixing the vacuum line and hydrophobic flat sheet
membrane that has a 44.18 cm? active area located in the middle of the module.
Because of the inserting of the vacuum pipeline into the module the air gap width had
to be chosen 7 mm the minimum. The membrane module was tested both in the air
gap and vacuum-assisted air gap configurations. 5 different vacuum pressures were
applied 0 bar (AGMD), 0.02 bar (VAGMD), 0.04 bar (VAGMD), 0.06 bar (VAGMD),
and 0.08 bar (VAGMD) and 3 different water samples were tested for both
configurations (salty water, synthetic water, and geothermal water). NaCl was used
for the preparation of salty water and boric acid (HsBO3) and sodium bicarbonate
(NaHCO3) purchased from Merck, was used for the preparation of synthetic boron
solution. Geothermal water was supplied from a geothermal energy plant from Turkey.
The characteristic of geothermal water was shown in Table 3.3 as given in the previous
study. The boron content of geothermal water was 60.8 mg/L and conductivity was
5.6 mS/cm. Flux values of membranes were recorded by using a computer connected
to a scale through 4 different vacuum pressures. Conductivity meters measured the
conductivity of both feed and permeate water for determining the removal efficiencies.

The boron content of the samples was analyzed using the ICP-OES.
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Figure 3.1 : Experimental setup of VAGMD.

Table 3.3 : Characteristic of geothermal water.

Parameter Value Parameter Value
pH 7.67 P43 41.60 mg/L
Conductivity 5.6 mS/cm S04 514.13 mg/L
Na* 3622.20 mg/L F 9.17 mg/L
Kkt 335.95 mg/L NO3™ 108.45 mg/L
calt 41.22 mg/L B 60.84 mg/L
Mg2* 8.32 mg/L Si 113.7 mg/L
Lit 6.46 mg/L Fe 0.096 mg/L
NHa* 117.85 mg/L Mn -
cl~ 3297.19 mg/L As 0.237 mg/L

3.2.3 Theoretical background

Water flux (J) and removal efficiency (R) is mainly used to characterize the
performance of VAGMD. J (Lm=h) depicts the production capacity of MD and was
calculated by the following equation (M. A. E.-R. Abu-Zeid et al., 2016);

_Am
= (3.1)

Where Am is the amount of the permeate water (kg), A is the effective surface area of
membrane used in the membrane module (m?) and At is the operating time (h).
Permeate flux J is proportional with the vapor pressure difference across the membrane
(M. A. E.-R. Abu-Zeid et al., 2016; Alsaadi et al., 2015; Naidu et al., 2017);
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Jm = Cm. APm (32)
Cm is the permeability coefficient, Pm is the vapor pressure difference across the
membrane.

The water vapor pressure (P) can be calculated from the Antoine equation for different
temperatures (T) (Pangarkar et al., n.d.; L. Sun et al., 2015);

(3.3)

P =exp(23.1964 - "2}

(T+273.15)-46.13

the removal efficiency of both salt and boron are calculated using the following

equation;
R(%) = ( 4 Z—]f) x100 (3.4)

Where the Cs is the concentration of feed solution and C,; is the concentration of

permeate solution.

Gained output ratio (GOR) was also used to evaluate the performance the of VAGMD
system. GOR is the energy ratio of heat of evaporation to the input thermal energy (H.
Lee, 2002; Z. Liu et al., 2017) ;

J.S.AH

GOR = ———
QCps-(Ti=To)

(3.5)

Where Q is the flow rate(L/h), Ti and T, are the hot feed inlet temperature and cold
feed outlet temperature (°C), Cpr is the heat capacity of feed solution (kJ / kg.°C), S is
the effective surface area of membrane (m?), AH is the evaporation enthalpy of feed

solution (kJ/kg) can be calculated by using the following equation;
AH = 2258.4 + 2.47(373 — (T + 273.15)) (3.6)
Where T is the mean temperature of the feed solution inside the module (°C).

Specific energy consumption (SEC) could be calculated by dividing the energy
consumption for vacuum energy during the operation time by the volume of distillate
(kWh/m®) (M. A. E.-R. Abu-Zeid et al., 2016; Dow et al., 2016; Z. Liu et al., 2017)

Since all other parameters are the same for both configurations (AGMD and
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VAGMD), constant energy consumption was assumed and calculated only the extra
energy required by vacuum for VAGMD;

SEC =% (3.7)

w

Where EC represents the vacuum energy consumption, KWh. The vacuum pump's

energy consumption remained practically constant, at around 100W.

3.3 Results and Discussion

Commercial membranes were characterized in terms of contact angle, liquid entry
pressure (LEP), and scanning electron microscope (SEM) analysis. Contact angle
results display the hydrophobicity of the membranes that were used (Table 3.4). Since
hydrophobicity increases with increasing contact angle, we can say that the most
hydrophobic membrane was PTFE 0.22 membrane. PVDF membranes have the lowest
contact angles compared to PP and PTFE membranes. Contact angles decreased with
the increasing pore sizes for the same polymer-type membranes. This could be
attributed to the membranes are more prone to wetting since larger pore sizes
decreased the capillary pressure which prevents the liquid passage from membrane
pores (Chamani et al., 2021). LEP values (Table 3.4) decreased while pore size
increased and contact angle decreased. For a good performance MD membrane, the
LEP value is expected to be as high as possible. Because as this value increases, the
vapor passes through the membrane pores instead of water, and when this value
decreases, water can escape from the membrane pores without evaporation even at
low-pressure values. In general, it is known that smaller pore size, greater contact
angle and surface tension increase the LEP value. PP and PTFE membranes have
higher contact angle values and therefore have higher LEP values. SEM analysis
results of membranes were reported in our previous study (Ozbey-Unal et al., 2018).
According to these results, PVDF has a denser top layer which causes lower porosity
while PTFE seems more fibrous. As can be seen in the experimental results, these

differences directly affected the filtration performances.
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Table 3.4 : Contact angle and LEP values of membranes.

Membrane Contact angle (°) LEP (kPa)

0.22 PTFE 130.87 £ 0.38 69.5
0.45 PTFE 121.39 £ 0.41 67.2
0.22 PVDF 115.19+£0.18 64.2
0.45 PVDF 110.29 £0.11 62.6
0.20 PP 127.38 £0.31 69.6
0.45 PP 122.13 £0.31 64.7

According to FT/IR results given in Figure 3.2, spectra of PP membranes have
asymmetric C-H bands of —CHs (methyl) groups at 2970-2800 cm™ . 1480-1380 cm™
absorption bands are belonging to the C-H groups of CH2 bonds. 1167, 997, 841, and
809 cm! signals belong to crystal shape configurations of PP (Tapiero et al., 2017).
CF, symmetric and asymmetric bonds were observed at 1146 and 1202 cm™ from the
results of PTFE membranes (L. Li et al., 2008). When FT/IR spectra of the PVDF
membrane were taken into account -OH groups were observed between 3500-3000
cm wavelengths, H-O-H bonds were observed between 1629-1381 cm™ wavelengths.
Absorption bonds of C-F groups were observed at 1231 cm™* wavelength (Ghasemian
etal., 2017).
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Figure 3.2 : FT/IR results of PP, PVDF, and PTFE membranes.

The NaCl solution was prepared and tested before testing synthetic and geothermal
water sources in the AGMD and VAGMD systems to control the vapor transport and
efficiency of the membranes. The conductivity of both feed and permeate was
measured and removal efficiencies were calculated by using these values. Flux, GOR,
and SEC values vs. vacuum pressures and removal efficiency graphs were drawn and
given in Figure 3.3 and Table 3.5.
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Figure 3.3 : . Flux (a), GOR (b) and SEC values (c) vs. vacuum pressures for NaCl
solution.

Fluxes increased with the increasing vacuum pressure. The reason for flux increasing
is explained due to the extraction of stagnant air in the pores by vacuum and thus
accelerating the vapor transmission by reducing the vapor diffusion resistance across
the membrane and enhanced total pressure gradient in the pore that increased
convective mass transport (Naidu et al., 2017). Besides that, part of NCGs could be
removed by applied vacuum therefore the mass transfer resistance decreased and flux
increased. Furthermore, as Liu et al., (Liu et al., 2017) reported, the boiling point of
water is precisely proportional to the ambient pressure, according to the Antoine
equation. As a result, the vacuum pressure decreased the boiling point and encourages
the formation of water vapor. SEC values showed that less energy was consumed for
higher vacuum pressures. Due to the increasing amount of permeate water energy
consumption decreased with the increasing vacuum pressures. Flux values also
increased with the increasing pore sizes through all vacuum pressures. The penetration
of vapor across membranes is enhanced by increased pore sizes according to the
permeate flux equation by Lawson and Lloyd where the flux is proportional to the
average pore radius (X. Chen et al., 2018; Lawson & Lloyd, 1997). Also the high
vacuum degree in permeate side causes the increase of vapor pressure difference so it

results in higher flux. The findings of previous studies confirmed these results (X.
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Chenetal., 2018; F. Jiaetal., 2017a; Y. Yang et al., 2017). Furthermore, it can be said
that VAGMD fluxes were increased by increasing the vacuum pressure independent
from membrane material. Apart from PP 0.45 membrane, flux values were almost 50%
increased with 0.08 bar vacuum pressure as against AGMD. As it can be seen in Figure
3.3(b), GOR was lower than 1 for AGMD studies, as expected. Liu etal., (Liu et al.,
2017) were also reported that GOR of conventional MD processes was found between
0.2 — 1. However, GOR was slightly increased and exceeded 1 by applying vacuum
pressure in our study. Besides, GOR values also increased with the increasing J values.
The rise in J means that the hot feed used more heat for evaporation requirement, and
the cold feed could utilize the excessive vapor heat and hot feed which is the vapor
anymore passing through membranes get lost its heat. As a result, the vapor tends to
condense more and the J increment. Consequently, GOR also increased with the

increment in J (Liu et al., 2017).

All removal efficiencies are higher than 98.7%. Li and Sirkar also obtained high
removal efficiency of 93.2% with PVDF 0.45 um membrane and 94.3% with PTFE
0.45 pum membrane in their study (Li & Sirkar, 2017). Zhang et al. also used PTFE
membranes for desalination experiments via the VMD system. They reported that in
all operating conditions the removal efficiencies are higher than 90% (Zhang et al.,
2016).

Table 3.5 : Removal efficiency vs. vacuum pressures for NaCl solution.

Conductivity removal efficiency (%)

Membrane VAGMD VAGMD VAGMD VAGMD AGMD
(0.08 bar) (0.06 bar) (0.04 bar) (0.02 bar)
0.22 PVDF 99.7 99.8 99.6 99.7 99.7
0.45 PVDF 99.6 99.5 994 99.4 99.6
0.22 PP 99.3 99.6 99.3 99.6 99.8
0.45PP 99.6 99.7 99.9 99.6 99.6
0.22 PTFE 99.5 99.2 994 99.0 98.8
0.45PTFE 99.2 98.7 99.6 99.4 99.3

A synthetic boron solution which is 10 mg B/L was also used in this study to see the
effectiveness of the VAGMD system to boron removal from water. Boron content and
conductivity values of both feed and permeate water were observed. The flux, GOR,
and SEC vs. vacuum pressures as given in Figure 3.4. Similar results with salt solution

experiments were obtained in terms of flux and GOR increment with vacuum pressure.
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The improved flux was caused by an increase in the pressure difference on the
membrane and temperature polarization declining at the membrane surface on the side
of the air gap by a vacuum pump ( Abu-Zeid et al., 2016). The highest flux value was
obtained for PP 0.45 pm membrane which is 29.8 L/m?h. SEC results showed that
specific energy consumption decreased with increasing fluxes due to the higher

permeate weight.

Conductivity values were measured for both feed and permeate water and from these
values, the removal efficiencies were calculated. The general trend for removal
efficiency was decreased with the increase in vacuum pressures. We obtained higher
than 98.2% removal efficiency for all membranes used in this study. Jia et. al.
investigated the effect of boric acid concentration with the prepared synthetic solution
on the VMD system at 70 °C temperature. They reported that they reached higher than
90% removal efficiency ( Jia et al., 2017a).
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Figure 3.4 : Flux (a), GOR (b), and SEC values (c) vs. vacuum pressures for
synthetic boron solution.
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Table 3.6 : Removal efficiency vs. vacuum pressures for synthetic boron solution.

Conductivity removal efficiency (%)

Membrane VAGMD VAGMD VAGMD VAGMD AGMD
(0.08bar) (0.06bar) (0.04bar) (0.02bar)
0.22 PVDF 98.7 98.5 99.0 99.2 98.5
0.45 PVDF 98.8 99.5 99.6 99.2 99.2
0.22 PP 99.6 99.7 99.8 99.5 99.8
0.45 PP 99.2 99.1 99.4 99.5 98.2
0.22 PTFE 99.1 98.8 99.8 99.1 994
0.45 PTFE 99.2 98.8 99.4 99.5 99.0

Experiments carried out in the MD system using real geothermal water with

commercial membranes were carried out with the air gap configuration and under

vacuum pressures of 0.02-0.04-0.06 and 0.08 bar. During the experiments, the

conductivity and the amount of boron were both monitored in the feed and permeate

water. The flux-vacuum pressures graph of the experiments performed with real

geothermal water was given in Figure 3.5.
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Figure 3.5 : Flux (a), GOR (b), and SEC values (c) vs. vacuum pressures for
geothermal water.

Flux values increased with the increasing vacuum pressure from 0 to 0.08 bar for all

membranes. Higher flux value obtained from 0.45 pm PP membrane as 28.2 L/m? h.

When we look at the flux values between the two pore sizes for all membranes, the
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flux values of the 0.45 um pore-sized membranes were higher than the flux values of
the 0.22 pum pore-sized membranes. The increasing pore sizes enhance the mass
transfer that results in increased water flux (Liu et al., 2017). The flux values were
slightly lower than the results of the experiments conducted with synthetic boron
solution. The reason for this phenomenon is the water vapor pressure decrease with
rising inlet salt concentration. According to Raoult’s law increasing the salinity of
feedwater reduces the partial vapor pressure and reduces the driving force. An
additional boundary layer forms next to the membrane interface which is concentration
polarization. When this concentration boundary layer together with the thermal
boundary layer (temperature polarization), reduces the driving force which causes the
decrease of permeate flux (Alkhudhiri & Hilal, 2017; Qtaishat et al., 2008; Safavi &
Mohammadi, 2009a). For PP membranes with higher fluxes than other polymeric
membranes, the rate of decrease in flux (PP 0.22 um) was observed to be higher with
the increase in the conductivity of the feed water and the reduction in the pore diameter
at the same time. The conductivity removal vs. vacuum pressures graph of membranes
was given in Table 3.7. Removal efficiencies were obtained higher than 98.7% for

experiments carried out in this study.

Table 3.7 : Removal efficiencies vs. vacuum pressures for geothermal water.

Conductivity removal efficiency (%0)

Membrane
VAGMD VAGMD VAGMD VAGMD AGMD
(0.08bar) (0.06bar) (0.04bar) (0.02bar)
0.22 PVDF 99.3 99.2 98.9 99.0 99.2
0.45 PVDF 98.9 98.7 98.9 99.1 99.4
0.22 PP 99.0 99.1 99.1 99.1 99.8
0.45 PP 99.3 99.4 99.4 99.4 99.1
0.22 PTFE 99.5 99.7 99.5 99.3 99.2
0.45 PTFE 99.5 99.6 99.7 99.8 99.3

For geothermal water experiments, the amount of permeate boron was analyzed with
ICP-OES. All boron concentrations were below 0.5 mg/L, the limit set by the World
Health Organization for boron concentration of drinking water. Boron removal
efficiency vs. vacuum pressures was given in Table 3.9. Higher than 99% removal
efficiency was obtained for all membranes and configurations used in this study for
geothermal water. There are a few studies about geothermal water treatment by using
MD in the literature. For example, Sharbatly and Chaim studied geothermal water
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treatment by using VMD. They reached a 6.56 kg/m?h flux value with 0.22 pm PVDF
membrane which is lower than our results. This difference may be due to the use of
different configurations (Sarbatly & Chiam, 2013). Bouguecha and Dhahbi used
fluidized bed crystallizer and AGMD for the treatment of geothermal groundwater.
They used PP-supported membranes and investigated the effect of operating
parameters on flow rate, temperature, and salt concentration. They reached a
maximum of 7.5 kg/m?h flux values. Our results are higher probably because of air
gap width, membrane type, and MD configuration. EI Amali et.al. studied geothermal
and seawater desalination via AGMD and DCMD. They investigated the effect of the
operating variables: feed temperature, air gap width, and feed flow. Their flux values
were 3-5 kg/m?h and salt rejection was 97% which is similar to our results (EI Amali
et al., 2004). The PP membranes showed higher flux values than PVDF and PTFE
membranes for all types of feed waters. membrane thickness is an important parameter
for membrane flux in MD since a thicker membrane reduces the heat transfer from the
feed side to the permeate side. The membrane structure, on the other hand, lowers the
ease of penetration, restricting transmembrane flow. Decreasing membrane thickness
enhances the mass and heat transfer through the membrane. So the thicker membranes
resulted in lower fluxes which are PVDF and PTFE (Eykens, Hitsov, et al., 2016;
Swaminathan et al., 2018a; H. Y. Wu et al., 2014).

Boron contents of permeate water were analyzed using the ICP-OES. As seen in Table
3.8 and Table 3.9, boron removal efficiencies were higher than 99%. All permeate
water boron concentrations were below 0.5 mg/L which is the limit value for drinking

water accepted by World Health Organization.

Table 3.8 : Boron removal efficiency for synthetic boron solution.

Boron removal efficiency (%)
0.22PP 0.45PP 0.22PTFE 0.45PTFE 0.45PVDF 0.22PVDF

AGMD 99.97 99.98 99.94 99.98 99.92 99.94
VAGMD(0.02bar) 99.97 99.94 99.97 99.96 99.97 99.97
VAGMD(0.04bar) 99.99 99.98 99.97 99.98 99.94 99.98
VAGMD(0.06bar) 99.98 99.97 99.96 99.97 99.94 99.98
VAGMD(0.08bar) 99.72 99.89 99.23 99.54 99.91 99.95
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Table 3.9 : Boron removal efficiencies for geothermal water.

Boron removal efficiency (%)

0.22PVDF 045PVDF 0.22PTFE 045PTFE 0.22PP  0.45PP

AGMD 99.79 99.68 99.67 99.24 99.52 99.68
VAGMD(0.02bar) 99.87 99.64 99.75 99.81 99.75 99.80
VAGMD(0.04bar) 99.87 99.45 99.77 99.81 99.75 99.79
VAGMD(0.06bar) 99.88 99.36 99.78 99.82 99.66 99.76
VAGMD(0.08bar) 99.78 99.21 99.72 99.75 99.65 99.73

Table 3.10 : Comparison of boron removal performances of various MD processes.

Feed water Process Memprane Flux Bo_ron_ GOR SEC Ref.
material rejection
Synthetic
boron DCMD  PVDF 3-35 >998% NA  NA (Houetal,
. kg/m“h 2010a)
solution
47.6 0 (Houetal.,
Seawater DCMD PVDF kg/m?h >995% NA NA 2013a)
275 y (Boubakri
Seawater DCMD PVDF K )mZh 90 520 NA NA etal.,
g ¢ 2015a)
Radioactive ~20 > (Wen et al.,
wastewater PCMD 55 L/m?h 99.979% A NA 2016)

. A~ 2.98 - .
Radioactive VMDC PP 6.90 >999% NA NA (F. Jiaet
wastewater 2 al., 2017a)

L/m*h
Synthetic
surface 5-25 0 (D. Han et
water, DCMD PVDF kg/meh >09.9% NA NA al., 2017)
RO brine
ir):g trr:a;tllc PVDF 530 (Ozbey-
cothermal AGMD PP ka/m2h >995% NA NA Unal et al.,
g PTFE g 2018)
water
Synthetic Ceramic
radioactive = VMD  hydrophobic 15 7225 ~99.9% NA NA (X. Chen et
L/m*h al., 2019)
wastewater membrane
PVDF -
PTFE (Ozbey-
Geothermal mixture- 27.7 0 Unal et al.,
water AGMD based kg/m?h >99.5%  NA NA 2020a)
nanofiber
membrane
3.21
) -
o (i
y PGMD PTFE o >09.2% NA NA N
seawater kg/m“h 2020)
AGMD
5.86
kg/m?h
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Table 3.10 (continued) : Comparison of boron removal performances of various
MD processes.

Feed Process  Membrane o Boron 5o SEC  Ref.
water material rejection
Reduced _—
graphene g;g;;ilz,
Geothermal oxide 19.20-30 96.89-
water AGMD co)PVDF  Lim2h 0816% NA NA ;’I”a" et
nanofibrous 2021a)
membrane
45-2.6 80 - 520
2 3
line 018136 (i
Synthetic solution) gﬁ:ggn) solution)
Coutions, PVOF ey 028123 |yt gy
real 7 VAGMD PP (bordn >99.2%  (boron (boron stud
PTFE ; solution) : y
geothermal solution) solution)
water 4-282 016116 g5 g3
L /mz.H (geothermal KWh/m?
(geothermal pien) (geothermal
water) water)

3.4 Conclusion

Boron is one of the most important elements. Besides its benefits, excessive amounts
of boron can be harmful. In this study, MD was used to remove boron from aqueous
solutions. The results showed that with the increasing pore sizes the permeate flux
increased for all types of membranes due to the increasing penetration of vapor across
membranes and decreasing mass transfer resistance. PP membranes reached the higher
flux for saline water, synthetic boron solution, and real geothermal water, while PVDF
membranes had lower flux values in general, because of its denser upper layer.
Permeate water boron concentrations for both synthetic and geothermal water were
lower than the limit value for drinking water accepted by WHO. Applied vacuum
pressure to the AGMD enhanced the lower permeate flux, which addresses one of the
main handicaps for the MD process by decreasing mass transfer resistance. Adding
vacuum pressure also increased the GOR values. Although using the supplementary
vacuum pump the specific energy consumption did not increase due to the increased
permeate production amount. Also, with these promising results of the treatment of
geothermal water successfully, it is possible to reduce energy consumption by taking
advantage of hot geothermal water instead of heating the feed solution, which is

another handicap for MD as well.
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4. BIOMIMETIC HYDROPHOBIC MEMBRANE DEVELOPMENT FOR
MEMBRANE DISTILLATION

4.1 Introduction

The membrane distillation (MD) process is being studied widely to meet the
increasing water demand. MD is a thermally driven separation process which makes
it different from other membrane processes such as reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), or microfiltration (MF) (Alkhudhiri et al.,
2012; W. Zhang et al., 2023). Since the vapor pressure difference is the driving force
in MD, the water molecules are not allowed to pass through the membrane which acts
like a selective barrier. So the non-volatile components are rejected by the membrane
which means high- quality permeate water. For that purpose, hydrophobic membranes
are utilized to let only vapor pass through the membrane pores while preventing water

penetration.

Polyvinylidene fluoride (PVDF), polypropylene (PP) and polytetrafluoroethylene
(PTFE) are the hydrophobic membranes used generally in MD ( Mao, et al., 2022).
However, MD application is limited due to the wetting problem (Li et al., 2022). The
membranes used in MD are produced for other membrane processes as microfiltration.
The special membranes for MD need to be designed to meet requirements such as
hydrophobicity(Liao et al., 2013, 2014a; Phattaranawik, 2003).

The preparation of hydrophobic membranes can be done by several methods.
Additives (Fontananova et al., 2006) and surface modification are the methods for
preparing hydrophobic and superhydrophobic membranes. Different nanomaterials
such as Al>Ogz, SiO2, CNTSs, ZnO, TiO2, Fes04(Gethard et al., 2011; Hirota et al., 2016;
Hu et al., 2020; Luo et al., 2020; Y. Zhang et al., 2023; H. Zhou et al., 2019) or
fluorinated polymers (Islam et al., 2010; Khayet et al., 2019) are used for improving

the performances of MD membranes.

Lotus leaf is the most known superhydrophobic natural plant that inspired researchers.
Superhydrophobicity corresponds to a contact angle of 150° or more. The

micropapillary structures give superhydrophobic properties. The superhydrophobicity,
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water repellency and self-cleaning make the studies have grown on mimicking the
lotus leaf surface (Darmanin & Guittard, 2014, 2015; AbdulKadir et al., 2020).
Electrospinning is one of the successful and simple method for preparing lotus leaf-
like membranes by improving the surface roughness with 3D micro and nano-scale
fibers (Efome et al., 2016; Liao et al., 2013; Tijing et al., 2014). Spray coating is
another method that is widely used for preparing superhydrophobic membranes (H.-
K. Kim & Cho, 2015; F. Zhang et al., 2018)

In this study, we used different methods for preparing superhydrophobic membranes
for MD. We used commercial membrane and modified it by coating and we also
fabricated PVDF membranes by phase inversion and electrospinning methods. The
fabricated membranes were also coated to make the hydrophobic membranes
superhydrophobic. First, we tried to optimize the phase inversion method by changing
the coagulation bath medium with different solutions. Ethanol bath enhanced the
hydrophobicity while membranes became more fragile. We then applied the coating
method to increase the hydrophobicities of both commercial and fabricated
membranes for phase inversion and electrospun nanofiber membranes. The
commercially available superhydrophobic coatings were also used for commercial and
selected fabricated membranes and the results showed it was possible to reach up to
153° contact angle. After the characterization of membranes, VAGMD experiments
were conducted with pure water and synthetic boron solutions. Flux and boron

removal efficiencies were determined.

4.2 Material Methods

4.2.1 Materials

PVDF and PTFE were purchased from Sigma Aldrich. Ethanol, acetone and N,N-
dimethyl acetamide (DMACc) were obtained from Merck. MWCNT and H3BOs3 were
purchased from Sigma Aldrich. PDMS was supplied from Dow, USA. SHBC and C
solutions were purchased from Nasiol, Turkey. PN was supplied from Pearl Nano,
USA. CS was supplied from Ritec, UK.

4.2.2 Membrane fabrication and modification

Membranes were fabricated through both phase inversion and electrospinning

methods. The esired amount of PVVDF polymer was dissolved in DMAc and stirred at
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50 °C until obtaining a homogenous solution. Before using this dope solution it was
waited at room temperature ca. 12 h to remove bubbles. The dope solutions were then
cast on the glass plate with BYK Instruments automatic film applicator. Films
immersed into the coagulation bath. Different coagulation bath mediums were tried as
ethanol, water, water/ethanol, acetone/water. Electrospun membranes were fabricated
by the lab-scale electrospinning method. The device has an energy source, polymer
feeding syringe and collector. The polymer feeding rate was 1.6 mL/h, 15 cm syringe-
collector distance, 29 kV of voltage and 2 hours working period during production
experiments. The electrospinning device is given in Figure 4.1.

Different materials and solutions were used to modify the membranes. CNT ethanol
solution was ultrasonicated for 30 min for dispersion of ethanol. Then magnetically
stirred. The dip coating method was used to coat the CNT. PDMS was prepared by
adding a curing agent to the elastomer base at a ratio of 1:10. And the solution was
cast onto the membranes. Commercial hydrophobic coatings were applied with their

spray application heads. Then dried at room temperature for 12 h.

4.2.3 Membrane characterization

Fabricated and modified membranes were characterized in terms of hydrophobicity
and surface structure. Contact angle measurements were conducted for all membranes
by using an Attension Tensiometer, Biolin Scientific. At least 5 measurements were
done and mean values were calculated and used for determining the contact angle
values of membranes. The surface structure of membranes was characterized by a Fei
Quanta SEM device.

4.2.4 VAGMD performance

Characterized membranes were then tested with pure water and synthetic boron
solution in lab scale VAGMD system at 70°C feed water temperature. The vacuum
pressure was 0.08 bar and the cooling water temperature was adjusted to 20°C. The
amount of collected permeate was recorded to calculate the flux values of membranes.
The boron concentrations were analyzed via ICP-OES (Perkin Elmer Optima 7000
DV).
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Figure 4.1 : Typical electrospinning device (Mutlu-Salmanli, 2018).

4.3 Results and Discussion

Fabricated membranes were characterized in terms of contact angle. PVDF-based
phase inversion membranes were fabricated by using 3 different coagulation bath
mediums to see the effect of the coagulation bath on the membrane hydrophobicity.
Ethanol was used for that purpose. The contact angle was 87.27° for the water bath,
114.79° for the ethanol bath, and 92.15° for 1/1 ethanol/water bath for the pristine

membrane as can be seen in Figure 4.2.
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Figure 4.2 : Effect of coagulation bath medium on contact angle.

Another series of membranes were CNT added PVDF membranes. The contact angle
for CNT-added PVDF membranes followed the same trend with pristine membranes.
And also C60 added membranes had the same trend for contact angle values. Also
addition of carbon nanomaterials to the PVDF membrane dope solution lowered the
contact angles which means membranes became more hydrophilic (Figure 4.3). The

results showed the positive effect of ethanol in a coagulation bath on hydrophobicity.
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However, the membranes fabricated by using an ethanol bath and 1/1 ethanol/water

bath were torn and couldn’t be used for treatment experiments.
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Figure 4.3 : Comparison of contact angles for different coagulation baths.

The pure water flux of membranes fabricated in a water bath medium is given in Figure
4.4. With the increasing contact angles, fluxes decreased as expected. Since the C60
added membrane is more hydrophilic the following experiments were conducted only
with CNT added membrane. As an alternative to the ethanol addition, the acetone was
used in a coagulation bath medium with water as a mixture of 1/2. According to the
results, acetone in a coagulation bath was not found effective in terms of
hydrophobicity.
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Figure 4.4 : Pure water flux of pristine and carbon nanomaterial added membranes.
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Figure 4.5 : Comparison of pristine and CNT-added membranes in different
coagulation baths.

After phase inversion membrane fabrication studies, PVDF espun membrane was
fabricated by using an electrospinning technique. Both phase inversion and
electrospun membranes are modified by coated with nanomaterial. PVDF electrospun
membrane was more hydrophobic than phase inversion membrane. However CNT
coating decreased the contact angle values of membranes as can be seen in Figure 4.6.
PTFE nanopowder addition to the PVDF membrane increased the contact angle up to
128.9°.
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Figure 4.6 : Contact angle values of PVDF and PVDF CNT coated membranes
fabricated with different methods.

Since the superhydrophobicity couldn’t obtained with previous studies commercial
hydrophobic coating solutions were used to modify both commercial and fabricated
membranes. C, CS, GRM, PN, ZR53 and SHBC were used to coat the commercial
GVSP membrane first. All coatings, except GRM, increased the hydrophobicity of

commercial GVSP membrane. The contact angle of C-coated membrane was 141.5°,

the PN coated was 141.6° and the SHBC coated was 143°. Then the electrospun PVDF
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membrane was coated with the selected coating solutions which are SHBC, C, CS and
PN. The results are given in Figure 4.7 a-b. According to the results, the
superhydrophobicity was achieved with CS coating which exceeded 150° (Falde et al.,
2016; F. Wang et al., 2021).
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Figure 4.7 : Contact angle values of coated commercial (a) and electrospun (b)
membranes.

SEM images of coated commercial and electrospun nanofiber membranes were as
given in Figure 4.8 and Figure 4.9. Coating changes the surface morphology of
membranes and causes the formation of structures like micropapillaes of lotus leaf
which gives the superhydrophobic properties.
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I

Figure 4.8 : SEM images of coated commercial membranes a)C b)CS ¢)GRM d)PN
e)SHBC f)ZR53.

Figure 4.9 : SEM images of a)CS b)SHBC ¢)ZR53 d)PN e)C coated nanofiber
membranes.
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After characterization studies selected membranes were tested by using a VAGMD
system with pure water and synthetic boron solution. Commercial GVSP membrane
had higher fluxes than electrospun P\VDF membrane. Boron rejections of membranes
were higher than 90% which shows these coated membranes can be utilized in MD for

boron removal effectively.
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Figure 4.10 : Permeate water flux of coated membranes.
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Figure 4.11 : Boron rejections of coated membranes.
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4.4 Conclusion

The hydrophobic and superhydrophobic membranes were fabricated with different
methods. Changing the coagulation bath medium for the phase inversion method
affected the membrane hydrophobicity. Ethanol bath and ethanol/water bath increased
the contact angles of membranes. However, it was not possible to use the membranes
immersed in an ethanol bath since they were easily torn. Since the contact angles of
those series of membranes were not higher than 118° electrospinning and coating of
CNT were applied. Electrospun PVDF pristine membrane’s contact angle was 119.6°.
Using the commercially available different hydrophobic coatings increased the contact
angles of commercial and fabricated/coated electrospun membranes. It was possible
to reach a 153° contact angle by using CS coating for the PVDF electrospun

membrane. And the boron removal efficiencies were higher than 90%.

70



5. FABRICATION OF NOVEL HYDROPHOBIC ELECTROSPUN
NANOFIBER MEMBRANE USING POLYBENZOXAZINE FOR
MEMBRANE DISTILLATION APPLICATION?

5.1 Introduction

Membrane distillation (MD) which is a thermal separation process is gaining attention
in recent years especially for the removal of non-volatile components (H. Chang et al.,
2021; J. G. Lee et al., 2018). It has lots of advantages compared to the conventional
distillation and conventional desalination processes such as lower temperature and
hydraulic pressure requirement, no need for pretreatment of feed water, less sensitivity
to feed water quality and high-quality product (Eykens, De Sitter, et al., 2016; Safavi
& Mohammadi, 2009b). MD is based on temperature difference across the membrane,
which means the driving force is the vapor pressure difference. Since only the vapor
can pass through the membrane, MD membranes should be hydrophobic to prevent
the liquid passage through membrane pores while needs to have enough channels to
transfer the vapor (Horseman et al., 2021; Ray et al., 2017). Different hydrophobic
polymers such as polyvinylidene fluoride (PVDF), polytetrafluoroethylene and
polypropylene and wide range of additives/nanomaterials were extensively studied by
the researchers for fabricating MD membranes (Attia et al., 2017; Efome et al., 2020;
J.Guoetal., 2019; Juetal., 2020; Z. Liu et al., 2021; Ray et al., 2020). However, there
is a need to develop novel materials to increase hydrophobicity and therefore, reduce

the wetting of MD membranes.

There are several hydrophobic fabrication methods such as phase inversion (Pagliero
et al., 2020), sol-gel method (X. Sun et al., 2009), electrospinning and electrospraying
(Attia et al., 2018b), chemical vapor deposition (Tran et al., 2021) and layer by layer

3 This chapter is based on ‘Oyku Mutlu-Salmanli, Bahriye Eryildiz, Vahid VVatanpour, Zeynep Deliballi,
Baris Kiskan, Ismail Koyuncu (2023), Fabrication of novel hydrophobic electrospun nanofiber
membrane using polybenzoxazine for membrane distillation application, Desalination, 546, 116203
https://doi.org/10.1016/j.desal.2022.116203°
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deposition (L. Zhang et al., 2022). Compared to other hydrophobic fabrication
methods, electrospinning has gained a lot of attention as promising technique for
membrane production. This technique which high voltage is used, offers several
advantages such as high porosity, low thickness and high specific surface area
compared to other membrane fabrication techniques (Kolesnik et al., 2021; K. Li et
al., 2019; Pang et al.,, 2021) The electrospun membrane has been used in MD
applications by many researchers due to excellent performance on permeate water flux
and salt rejection, enhancement of hydrophobicity and prevention of wettability (Attia
etal., 2017; K. Lietal., 2019; Y. T. Tsai et al., 2021).

One of the best strategies to address wetting problem is to enhance the hydrophobicity
of the hydrophobic membrane surface by selecting a more hydrophobic copolymer
compound with good mechanical strength and adequate thermal and chemical stability
(Akbari et al., 2020). Polybenzoxazines (PBz) as an additive phenolic system has
emerged as a feasible alternative for producing high-performance membranes in recent
years due to the better thermal, chemical, and physical stability of the resultant
membranes (Vatanpour et al., 2022). PBzs based surfaces can display significant
hydrophobicity, and high post-curing water contact angles in contrast to their phenolic
nature (Ghosh et al., 2007; Jiang et al., 2022). Phenolic hydroxyl groups in the PBz
structure are expected to increase hydrophilicity as in classical phenol formaldehyde
resins. In contrast, an opposite effect is observed from any PBz systems. The main
reason for that the observed hydrophobicity is related to the phenolic —OH groups in
PBz that form intramolecular hydrogen bonds with neighboring tertiary amine
nitrogen, giving the structure a slightly helix geometry. Thus, water molecules cannot
sufficiently interact with the phenolic —OH groups in the helix and interact with
nitrogen, and the whole structure exhibits hydrophobic properties (L. Guo et al., 2008).
Depending on the polymerization temperature, the hydrophobicity may increase
further (H. Ishida, 2011).

PBz-based materials can be used in the production of both hydrophilic and
hydrophobic nanofiber membranes. Nanofiber membranes containing PBz are used in
high temperature filtration systems, solvent/chemical resistant membrane filtration,
oil/water separation and proton exchange membrane filtration systems (H. Y. Li &
Liu, 2013; Satilmis & Uyar, 2019; Shang et al., 2012). In nanofiber membrane

production, PBz can be used in four different ways: (1) using PBz as the main polymer,
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(2) mixing with other polymers, (3) mixing with carbon nanofibers, and (4) performing
surface modification of the produced membranes with Bz (Vatanpour et al., 2022).
Due to poor chain entanglement and overlapping during the electrospinning process,
it is often difficult to create nanofibers from monomers, low molecular weight
polymers as PBz precursors, or tiny compounds. Therefore, the fabrication of a high-
quality nanofiber membrane has been accomplished by combining the PBz precursors
with an appropriate polymer, such as CA, PAN and PVDF. Also, the degree of
crosslinking, strength are increased, and cold flow is decreased with this method
(Kiskan, 2018; Vatanpour et al., 2022).

In the literature, there are studies on the production of membranes using PBz
(\Vatanpour et al., 2022). Ma et al. obtained superhydrophobic, high-flux and high
removal efficiency membranes by modifying the surface of nanofiber membranes with
PBz (Ma et al., 2017). Yao et al. carried out proton exchange membrane production
studies with PBz containing sulfonic acid. According to the obtained results, the
selectivity of the produced membrane is considerably higher than the commercial
Nafion 117 membrane (Yao et al., 2014). Periyasamy et al. developed an environment-
friendly superhydrophobic/superoleophilic cotton sponge (CS) coated by PBz and
stearic acid functionalized carbon balls for oil/water removal. By coating of PBz-
carbon balls on the surface of cotton sponge, the hydrophilic CS is changed into
superhydrophobic material with a water contact angle of 153° (Periyasamy et al.,
2022). In a cellulose acetate nanofiber membrane produced for oil/water separation,
membrane modification was performed with PBz containing fluorinated silica
nanoparticles. It has been reported that the obtained membrane is not only
superhydrophobic, but also highly stable and resistant to a wide pH range (Shang et
al., 2012). Shirzad Kebria et al. (2020) fabricated new electrospun nanofiber
membranes (ENMs) with better surface hydrophobicity by incorporating hyper-
branched dendritic structures (HB-Den) for AGMD applications. They demonstrated
that the addition of 0.0375 wt% (HB-Den) enhanced the surface contact angle,
resulting in stable and preferable performance of the ENMs in air gap membrane
distillation (Kebria et al., 2020). Essalhi et al. (2021) developed mixed matrix
electrospun nanofibrous membranes (MM-ENMs) by combining nanofillers (MWCNs
or GO) with polymeric solutions of various PVDF molecular weights. The best method

for creating membranes with higher DCMD desalination performance was determined
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to be incorporating MWCNSs into the active surface of dual layer (DL)-MM- ENMs
(Essalhi, Khayet, Tesfalidet, et al., 2021). Essalhi et al. (2021) investigated the
optimum electrospinning fabrication conditions to enhance ENM perfirmance for
DCMD. Results showed that among all fabricated membranes, the low thickness
membrane fabricated with a polymer flow rate of 1.2 mL/h, an electric voltage of 24
KV and air gap distance of 27.5 cm presented excellent performance in DCMD
(Essalhi, Khayet, Ismail, et al., 2021). However, the use of PBz based membranes in
the MD process has not been reported in the literature. Therefore, it is essential study

regarding production of containing PBz hydrophobic membrane in MD applications.

In this study, the fluorinated benzoxazine monomer was incorporated in the PVDF to
improve membrane hydrophobicity and membrane stability in MD process. Fluoro-
polymers have a wide range of applications in membrane technology, due to their
excellent mechanical strength, chemical and thermal stability and low surface tension
(Esmaeili et al., 2022). Among the entire fluoro-polymer family, PVDF is the most
commonly used membrane material for a variety of applications, especially MD
process due to good hydrophobicity and flexibility. The hydrophobic membrane was
fabricated using electrospinning. The fabricated nanofibers were cured at high
temperatures for different times to crosslink Bz, effectively. The membrane properties
and morphologies of fabricated electrospun membranes were characterized. The
treatment performance of electrospun nanofiber membranes were evaluated in

VAGMD using salty water, boron solution and RO brine.

5.2 Material and Methods

5.2.1 Materials

4,4-1sopropylidenediphenol (bisphenol A) (Aldrich, 97%), 4-fluoroaniline (Aldrich,
99%), paraformaldehyde (Sigma-Aldrich, 95.0-100%) and xylene (Merck, extra pure)
were used as received. Analytical grade sodium chloride and boric acid (H3BO3) was
obtained from Merck. Distilled water was employed all over the research study. N, N-
dimethyl acetamide (DMACc) and analytical grade acetone were supplied from Merck.
Solef 6010 polyvinylidene fluoride (PVDF) was used to prepare electrospun

membrane was supplied from Solvay.
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5.2.2 Synthesis of bis-(4-fluorophenyl-bisphenol-benzoxazine) (BisF-Bz)

Paraformaldehyde (50.0 mmol, 1.5 g) and 4-fluoroaniline (25.0 mmol, 2.78 g) were
dissolved in a 100 mL round bottomed flask with 8 mL of xylene. The reaction mixture
was stirred at 120 °C for 12 h after the addition of bisphenol A (12.5 mmol, 2.85 g).
Without additional purification, the solvent was evaporated under high vacuum,
yielding a brown solid as a pure product. The product was vacuum dried for 24 h at 45
°C (yield ca. 95%). The product is abbreviated as BisF-Bz (Demir et al., 2013).

5.2.3 Characterization of BisF-Bz

Fourier-transform infrared spectroscopy (FT-IR) spectra were recorded on a
PerkinElmer FT-IR Spectrum One spectrometer, having a resolution of 4 cm™ and 16
scans. 1H NMR spectra were recorded on an Agilent NMR System VNMRS 500
spectrometer at room temperature in CDCls with Si(CHs)s as an internal standard.
Differential scanning calorimetry (DSC) was performed on PerkinElmer Diamond
DSC from 30 to 320 °C with a scanning rate of 10 °C/min under nitrogen flow (20
mL/min.). A typical DSC sample was between 1 and 5 mg in a 30 uL aluminum DSC

pan.

5.2.4 Preparation of electrospun membranes

The membranes were fabricated by electrospinning method in a lab-scale (Eryildiz,
Ozbey-Unal, et al., 2021b). The device has an energy source, a polymer feeding
syringe and a collector. After homogenously dissolving of the PVDF and Bz in
DMAC/acetone solution, the dope solution was fed to the spinning device. Polymer
feeding rate was 1.2 m L/h, 15 cm syringe-collector distance, 24 kV of voltage and
working period was 2 h for fabricating the nanofibrous membranes. PVDF was
selected as a base polymer for each membrane (15 wt%) and PBz was selected as a
second modifier polymer with 10 wt% ratio of the Bz precursor. Optimum PVDF
concentration was determined in previous study (Ozbey-Unal et al., 2020b). More than
10 wt% Bz in PVDF doping solution reduced the viscisity of solution and suitable
nanofibers were not obtained. Table 5.1 presented the dope solution compositions and
curing times of the prepared MD membranes. The BisF-Bz added membranes, M3
membrane was also placed an oven for 1 h at 150 °C to provide ring opening reaction

and crosslinking of the oxazine ring to obtain PBz polymer mixed in the matrix of
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PVDF nanofibers. This crosslinking procedure was performed for 2 h to the M4

membrane.

Table 5.1 : Dope solution compositions and heat treatment time.

Membrane  PVDF (wt%) Bz (wt%) DMAc/Acetone Cun?r?) time
M1 15 - 11
M2 15 10 11
M3 15 10 11 1
M4 15 10 11 2

5.2.5 Characterization of membranes

The prepared membranes were characterized in terms of contact angle, FT-IR,
scanning electron microscopy (SEM) and tensile strength of membranes. The
morphologies of prepared membranes were characterized by SEM branded FEI Quanta
Feg 250 SEM. The membranes were coated with gold and palladium (Au/Pa). KSV
Attension Theta branded contact angle meter was used to measure the contact angle of
membranes. Distilled water was used to the contact angles determination. Ten
measurements were conducted for each sample at least. The values were averaged and
the results were given. Perkin Elmer Spektrum 100 ATR-FT-IR was used to analyze
the structures of membranes. IR spectrum was accumulated in the range of 650-4000
cm™t. Membrane mechanical properties of the tensile strength (kPa) and elongation at
break (%) were obtained with an Exstar SII-DMS6100. Membranes were cut into a

rectangle shape under 10 mN/min crosshead speed (50 x10 mm) and tested.

The mean pore size and liquid entry pressure (LEP) values were measured using a
capillary flow porometer (Quantachrome 3G Porometer). The gravimetric method was
used to calculate the membrane porosity. Firstly, the membranes (2x2 cm) were
submerged in isopropanol for 1 h. The weight of wetted samples was measured. Then,
the samples were placed to dry in the oven at 90 °C and weighed until the dry weight
was kept constant throughout. The porosity (¢) was calculated using following

equation:

(my—mgy/p;
&= LA L (5.1)
(my—mgypi+mg/pp
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where my, is the weight of the membrane and mgq is dry weight of the membrane. pp is
PVDF 6010 density (1.77 g/mL), pi is isopropanol density (0.785 g/mL). Each
membrane sample's porosity was determined using the average of three
measurements.The design of the peel experiment is as follows. Stick half of the tape
to the membrane surface, then peel 180° with tweezers. Then, examine the membrane's

surface for damage.

5.2.6 MD studies

The experimental setup was given in Figure 5.1. Vacuum pressure was created by a
vacuum pump. The temperature of feed water was arranged to 70 °C by using a heating
bath and circulated via a peristaltic pump with 1.4 L/min flow rate (Re=6500). 20 °C
cooling water flowed 480 mL/min rate from cooling bath was used to cool membrane
module which has 7 mm air gap width. Active membrane area was a 44.18 cm? located
in the middle of the module. The vacuum-assisted air gap membrane distillation
experiments were carried out by applying 0.08 bar vacuum pressure. Three different
water samples were tested which were salty water, synthetic boron solution (10 mg
B/L) and real RO brine which had the highest boron concentration of 5231 mg/L. The
removal efficiencies (R) were calculated by using conductivity measurements for both
feed and permeate solutions. Both permeate flux (J) and R values were used for
characterizing the membrane performance. J (L/m?h) was calculated according to the
following equation (M. A. E. R. Abu-Zeid et al., 2016);

| = ﬁ—rft (5.2)

Where Am is the amount of the permeate water (L), A is the effective surface area of
membrane used in the membrane module (m?) and At is the operating time (h). The
removal efficiency of both salt and boron solutions are calculated using the following

equation;
R(%) = (1- Cc—':) x100 (5.3)

Where the Cf is the concentration of feed solution and Cp is the concentration of

permeate solution.
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4 4

Figure 5.1: A schematic of the lab-scale VAGMD system. 1) Heating water bath, 2)
feed tank, 3) pump, 4) membrane module, 5) vacuum pump, 6) distillate bottle, 7)
scale, 8) pump, 9) Cooling water bath.

5.2.7 Analytical methods

The boron content of the samples was analyzed using the ICP-OES Optima 7000
device. At least five-points calibration done by using 3% HNO3 and 1000 ppm boron
solution. R? coefficient was higher than 0.999. Each sample was measured at least

three times.

5.3 Results and Discussion

5.3.1 Characterization of PBz

Fluoro containing benzoxazine monomer (BisF-Bz) has been successful synthesized
by a slightly modified benzoxazine synthesis reported previously (Demir et al., 2013).
The synthesis of the BisF-Bz from bisphenol A, 4-fluoroaniline, and
paraformaldehyde is depicted in Figure 5.2. During the synthesis, xylenes were
selected as a solvent to reduce triazine side products, since syntheses trials with other
solvents such as 1,4-dioxane, chloroform and toluene-ethanol binary system gave low
yields with too much triazine formation (Gungor & Kiskan, 2018). Consequently,
BisF-Bz could be obtained with high yield and without any purification step after
synthesis. The chemical structure of the BisF-Bz monomer was confirmed by spectral

and thermal analysis.
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Figure 5.2: Synthesis of BisF-Bz monomer and its thermal polymerization to give
poly(BisF-Bz).
The 1H NMR spectrum of BisF-Bz presented in Figure 5.3a, reveals the typical proton
signals assigned to the oxazine ring structure at 5.3 (Ar—CH>—N) and 4.6 ppm (O—
CH2—N), respectively. Aromatic protons were also detected between 7.1 and 6.77 ppm.
Moreover, the methyl protons of isopropylidene bridge of bisphenol are apparent at

1.6 ppm.

The infrared absorption bands of the BisF-Bz (Figure 5.3) also verify the formation of
oxazine ring. The out of plane infrared band of oxazine attached benzene and C-O-C
oxazine-ring band mode emerge at 944 cm™, which is considered direct evidence of
benzoxazine structure. Moreover, the aromatic ether of Bz ring could be detected as
C-O symmetric stretching band at 1225 cm™. Additionally, the C=C and C-H
aromatic stretching vibration bands could be also detectable at 1498 cm and 3041
cmt (L. Han et al., 2017).
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Figure 5.3: 'H NMR (a) and FT-IR (b) spectra of BisF-Bz. (*Residual acetone).

It is well-known that the ring-opening polymerization (ROP) of benzoxazines is
exothermic and can easily be monitored by dynamic scanning calorimetry (DSC). In
general, the ROP temperature of benzoxazines is observed at between 150 and 240 °C
depending on the functional groups of benzoxazines (Kiskan, 2018; Lochab et al.,
2021). Figure 5.4 illustrates the DSC profile of the BisF-Bz under N2 and with heating
rate of 10 °C/min. The ROP of BisF-Bz initiates ca. at 176 °C and exhibits a maximum
peak at 238 °C with 166.8 J/g exotherm. Although the amount of curing exotherm is
slightly higher than many of the previously reported benzoxazines, the onset and
maximum curing temperatures are in accordance with typical benzoxazines (H. Ishida,
2011). In brief, the BisF-Bz can be cured below 200 °C to give the polybenzoxazine
poly(BisF-Bz) (see Figure 5.2).
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Figure 5.4: DSC thermogram of BisF-Bz.

5.3.2 Membrane characterization

When the SEM images are examined (Figure 5.5), the change in the fibers caused by
the curing process can be clearly seen. The average fiber diameters were 605, 497, 357
and 346 nm for the M1, M2, M3 and M4 membranes, respectively. Due to the
excessive solvent removal and PBz formation, the fiber diameters decreased after
curing (Kao et al., 2013). By generating thin layers of crosslinked polymer, BisF-Bz
addition might cement neighboring nanofibers and fill spaces between nanofibers (Ma
etal., 2017; Shang et al., 2012). The addition and curing of BisF-Bz resulted in in-situ
polymerization of monomers which giving rise to the Mannich bridge cross linking
formation (Ma et al., 2019; Si et al., 2012). Besides, the BisF-Bz additive removed the
filamentous structure in the electrospun membranes and provided the formation of

more stable membrane layers with smoother membrane surface (Ertas & Uyar, 2017).
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Figure 5.5: SEM images of (a) M1, (b) M2, (c) M3 and (d) M4 membranes.

Figure 5.6 shows the photographs of pristine PVDF and BisF-Bz blended PVDF
crosslinked membranes. The uniform and stable nanofibrous PVDF membrane was
obtained by addition of Bz in the PVDF matrix.
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(a) M1-Pristin PVDF )) M4-Bz blend crosslinked PVDF

Figure 5.6: The images of pristine PVDF and PVDF/PBz crosslinked nanofiber
membranes.

The differences in morphologies of the pure PVDF and PBz modified membranes were
compared after peel experiments. Membrane photographs after peel tests are given in
Figure 5.7 shows that pure PVDF membrane can be easily peeled away from the
substrate, making the membrane susceptible to wetting by the feed solution during the
MD operation while PBz modified membranes had more smooth and durable surface

than PVDF membrane after peel tests.
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Figure 5.7: Photographs of a) M1, (b) M2, (c) M3 and (d) M4 membranes after
peeling test.

Figure 5.8 represents the ATR-FT-IR spectra of the produced nanofibrous membranes.
The band around 1510 cm™ was assigned to the tri-substituted benzene ring stretching
(Ertas & Uyar, 2017; Pakkethati et al., 2011). Asymmetric stretching mode of C-O
(phenolic ether) in the polybenzoxazine was observed at 1223 cm™. The benzene
ring’s skeleton vibration was between 1622 and 1454 cm™2, the band at about 975 cm™

shows the characteristic absorption band of polybenzoxazine (Y. Zhu et al., 2021).
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Figure 5.8: ATR-FT-IR spectra of the nanofibrous hydrophobic MD membranes.

The contact angle is one of the most important parameters in MD process to evaluate
the hydrophobicity of the membranes (Figure 5.9 a). The pristine PVDF membrane
exhibited a water contanct angle (WCA) value ca. 102.8°, whereas Bz addition
increased the hydrophobicity and WCA to ca. 127.4° for the uncrosslinked membrane.
This is due to the hydrophobic nature of the added Bz with fluorinated groups to the
PVDF matrix. By applying heat to the BisF-Bz blended nanofibrous PVDF
membranes, the WCA increased to 129.1° and 132.7° for one and double cured
samples, respectively. It can be clearly seen that post-treatment affected the
hydrophobicity. Which means the deep crosslinking of bonds makes the membranes
more hydrophobic. PBz' s hydrophobicity has been attributed to its inter and
intramolecular hydrogen bonding, which completely blocks the phenol and tertiary
amine groups of PBz, preventing them from interacting with water molecules (Y. T.
Chenetal., 2019; C. T. Liu & Liu, 2016; C. F. Wang et al., 2006). When the wetting
properties of the PVDF nanofiber membrane and the PVDF/PBz modified membrane
were compared as shown Figure 5.9(a), the pure PVDF membrane was resistant to
wetting by high surface tension liquids but easily wetted by low surface tension liquids.
The modified membranes with PBz display better antifouling performance than pure
PVDF membrane. Figure 5.9 (b) shows the images of water droplets on the surface of
M4 membranes after 10 min passing from dropping time. As shown, the contact angle
of the water droplets and the membrane surface is high and the membrane has not wet.

In order to assess the water resistance for durability, contact angles of evaporating
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water droplets on the fabricated electrospun membranes were measured, as shown in
Figure 5.9(c). When the evaporation period was extended to 30 minutes for the PVDF
membrane, the WCAs rapidly dropped to 81.2, demonstrating the infiltration of water
into the pores of the nanofibrous membranes. Water resistance was enhanced with
addition of Bz. The Cassie-Baxter model was supported by the water contact angles of
M4 membrane, which showed the hierarchical roughness surface can inhibit the
pinning of the water droplet and showed minimal mark of sliding with evaporation (
Zhu et al., 2018).
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Figure 5.9: Contact angle results of the electrospun MD membranes for three
different liquids, (b) image of water droplets on the surface of M4 membrane, ()
Water contact angles with increasing time of fabricated membranes.

The internal structure of the membrane, which was formed by the random
accumulation of nanofibres as well as surface modification, may influence both pore
size and liquid entry pressure. In general, membrane pore size must be large enough
to allow high vapour flux while being small enough to retain a high LEP (Attia et al.,
2018c). The fibre diameter determines the membrane pore size in electrospun
membranes (Kolesnik et al., 2021). Larger fiber diameter correlates with higher pore
size of electrospun nanofibers (Y. T. Tsai et al., 2021). The pore size of produced

membranes are given in Table 5.2. The mean pore size were 0.412 um, 0,408 um,
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0.406 um and 0.403 um for M1, M2, M3 and M4, respectively. This can be attributed
to an increase of fiber density on the membrane surface caused by the addition of PBz,
as seen in Figure 5.5, as well as a reduction in fiber size, as previously demonstrated.
As shown in Table 5.2, the pure PVDF membrane had the lowest LEP (87 kPa) while
the LEP values of modified membranes increased. According to the Young-Laplace
equation, this difference is mostly due to membrane hydrophobicity, with WCAs of
102 and 132° for M1 and M4, respectively (Attia et al., 2018b). Also, LEP value can
be increased by lowering average pore size or increasing membrane surface
hydrophobicity (Song et al., 2022).

The porosity of electrospun membranes, a critical characteristic for increasing
membrane permeate flux, may be controlled by changing fibre diameter (Attia et al.,
2018a; X. Q. Wu et al., 2021). In Table 5.2, M1 membrane porosity was 75.24 +
3.26%, while M4 membrane was 63.65+ 2.70%. Compared to pure PVDF membrane,
the porosity of modified membrane with PBz was decreased. This is due to the
production of microspheres on the nanofibers, which fill part of the spaces between
the crossing nanofibers (L. Zhou et al., 2022).

As can be seen in Table 5.2, Young’s modulus of membranes was increased and
elongation was decreased. The loose structure of pristine membrane makes membrane
mechanically low strength. To compare pristine P\VVDF membrane the addition of PBz
without curing enhanced the mechanical properties of electrospun membrane. But,
after the crosslinking achieved by thermal curing, there was a significant improvement.
The stiffening effect of the benzoxazine with polymerization and crosslinking of
nanofibrous membranes are both responsible for this considerable improvement(Ertas
& Uyar, 2017; Su et al., 2019). The higher elongation at break shows the higher
flexibility which is also related with the stiffens effect of PBz (Pakkethati et al., 2011).

Table 5.2 : Mechanical properties of nanofibrous membranes.

Membrane Membrane Porosity Pore size LEP Young’s Elongation
Code thickness (um) (%) (um) (kPa) Module at break
(mPa) (%)
M1 190 +0.2 75.24+326 0.412+1.36 87+£2.15 19.48+1.15 2.37+£2.25
M2 143 +0.3 71.32+1.72  0.408+2.53 95+1.28 23.19+2.32 1.03+1.77
M3 123 +£0.3 63.68 £3.75 0.406+ 1.49 97+ 2.34 52.69+1.89 0.89+1.02
M4 75.0+04 63.65+2.70  0.403+1.77 98+ 2.06 73.49+3.12 0.62+1.87
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5.3.3 VAGMD studies

After membrane characterization studies, PVDF and PVDF/PBz membranes were
tested in lab-scale VAGMD system using NaCl solution (0.1 wt%). The results are
depicted in Figure 5.10. Flux values increased with the Bz addition and also with the
increasing curing application. The lowest permeate flux was 17.3 L/m2.h for the
pristine PVDF membrane while the highest flux was 21.2 L/m?2.h for the PVDF/PBz
double crosslinked membrane. The permeate flux was increased to 20.4 L/m2.h with
Bz addition to the pristine membrane without crosslinking. Salt removal efficiencies
were 96.7%, 98.8% and 99.5% for M1, M3 and M4, respectively. This rejection
increase can be attributed to higher contact angle and smaller pore sizes (Hou et al.,
2019; Yadav et al., 2022).
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Figure 5.10: (a) Permeate flux and (b) removal efficiencies of nanofibrous
membranes in the filtration of boron solutions and RO brine in VAGMD condition.

Same trend was also observed for the synthetic boron solution and for the RO brine
(RO-B). The lowest permeate flux was 15 L/m? h for pristine membrane and RO-B
feed. This increment can be attributed to increasing membrane hydrophobicity which
is also lowers the membrane wetting (Dong et al., 2014a; Ren et al., 2017). Membrane
thickness is the other parameter effect the permeate flux. The membrane thicknesses

decreased to 75 from 190 um for M4 and M1 membranes, respectively and the fluxes
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increased. Higher thickness results in lower fluxes due to the decreasing heat and mass
transfer (Swaminathan et al., 2018b; H. Yan et al., 2014). The permeate fluxes
decreased compared the NaCl due to the increased concentration in feed solutions B
and RO-B decreased the driving force (water vapor pressure) (Kurdian et al., 2013;
Ren etal., 2017). The concentration polarization and temperature polarization are also
responsible for decreasing of the driving force (Mutlu Salmanli et al., 2022a; Safavi &
Mohammadi, 2009b)

Both permeate and feed water was analyzed with ICP-OES for determining the boron
concentrations. The boron removal efficiencies are given in Figure 10b. According to
the results, the boron rejection values are higher than 90%. Highest removal efficiency
was 98.85% obtained for M4 membrane while the lowest was 90.06% for M1
membrane. Compared to the pristine PVDF membrane PBz addition and additional

crosslinking was caused a considerable improvement on removal efficiency.

5.3.4 Comparison with literature

Table 5.3 shows brief comparison between our study with previous results. Since the
contribution of Bz addition to PVVDF membrane in membrane distillation is limited in
the literature, the comparisons were made on the basis of PVDF and PVDF/various
additives in this section. Some flux values are very different because of the difference
of used systems with literature. The related studies are generally aimed to treat oil,
solvent or organic pollutants but this study is the first study about boron removal with
Bz added membranes. It should be noted that MD operating factors such as MD
configuration, temperature difference and flow rate would have an impact on the MD
performance. The PVDF/Bz membrane had a very competitive permeate flux. Also,
the PVDF/Bz membrane had comparable membrane properties while exhibiting
superior salt rejection and permeate flux, indicating its promising potential for MD

applications.
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Table 5.3 : Comparison of the results of PVDF/PBz membrane with literature.

Main Additive Contact  Pore LEP Porosity AT Flux Rejection  MD Ref.

polymer  (wt%) angle (°)  size (kPa) (%) °C) (%) Configu

(wt%) (um) ration

PVDF Mg/LBenzo  132.7 713 45 RO 98% (RO  VAGMD  This

(15) xazine (10) brine brine) study
19.28  95%

L/m*h  (boron)
Boron  99.5%
2044 (0.1 wt%)

L/m?h
PBz Lignin 141 0.55 - 70 - Water - - (Suetal.,
in 2019)
toluen
e
emuls
ion
278
L/m?h
Crosslin - - 106 - - - - 357 Isopropan - (Y.L
ked PBz g/m?h ol 100% Liao et
al., 2017)
PVDF Tetrabutyla 135 0.26 210 71.34 40 54.39 >99.5 - (Z. Liet
mmonium al., 2019)
chloride/
fluorinated
acrylate
copolyme
PVDF Reduced 1245 £ 69.7 2 45 29.94 99.7(0.1 AGMD  (Eryildiz,
(15) graphene wit% Ozbey-
oxide NaCl) Unal, et
(0.039) 98.16 al.,
(60.84 mg 2021b)
B/L)
PVDF Silica 153.9 0.77 179 83 40 18.9 >99.9 DCMD (Y. Liao
8) etal.,
2014b)
PVDF Clay 154.2 0.64 200 81 65 ~6 99.97 35 DCMD (Prince et
nanocompo wit% al., 2012)
site NaCl)
PVDF - 130 - - - 45 ~6.5 >995(35 AGMD (Feng et
(18) wt% al., 2008)
NacCl)
PVDF Fluoroalkyl ~ 154.6 0.27 143 77 50 115 ~99.9(35 VMD (Yadav et
(13.5) silane-SiO, wt% al., 2022)
NacCl)
PVDF - 152.2 0.49 137 69 - 18.5 ~999 (35 VMD (Dong et
(15)- W% al.,
PTFE NaCl) 2014b)

(12)

5.4 Conclusion

This work presents the first use of benzoxazine blended nanofiber membranes for MD
application. The hydrophobic nanofiber membranes were fabricated by
electrospinning of PVDF and PVDF/BisF-Bz blend solution. The effect of PBz and
the effect of crosslinking on the properties of nanofibrous membranes were
investigated. The contact angle of the membranes significantly increased from 102.8°

for pristine membrane to 132.7° by BisF-Bz addition and crosslinking. The mechanical
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properties of membranes enhanced while the thickness of membranes decreased and
smoother membranes were obtained with addition of benzoxazine and crosslinking

steps.

The nanofiber membranes were tested through VAGMD using three different feed
water samples, NaCl, synthetic boron solution and RO brine. The lowest permeate flux
was 15 L/m?.h for the pristine membrane with RO-B feed. Boron removal efficiencies
of nanofiber membranes were determined and all results were higher than 90%.
Compared to the pristine PVDF membrane, PVDF/PBz membrane had the higher flux,
higher salt and boron rejection. All these results indicated that PBz blended PVDF
nanofiber membranes could have a great potential to be a good candidate for

membrane distillation.
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6. EFFECT OF DIFFERENT PARAMETERS ON MEMBRANE
CONCENTRATE TREATMENT BY USING VACUUM ASSISTED AIR GAP
MEMBRANE DISTILLATION/CRYSTALLIZATION (VAGMD/C)*

6.1 Introduction

Membrane processes have great potential to fulfill the increasing demand for
freshwater due to the increasing population (Balis et al., 2022; Salehi, 2022).
Desalination plants can produce fresh water from saline water which makes it
attractive especially for coastal regions. Although it is very efficient the high
concentration brine formation is the main handicap that requires additional treatment

so the brine management has received attention.

Boron is an element that has widespread application(Wolska & Bryjak, 2013). It is
used in several industries as glass, detergent, and ceramic(Parks & Edwards, 2005)
Although boron is an essential nutrient it can be harmful at higher concentrations.
Boron exists as a pH-dependent borate salt of boric acid in the environment. Borate
anion is found at higher pH while boric acid is dominant at lower pH (Mutlu-Salmanli
& Koyuncu, 2022; Tagliabue et al., 2014b) The non-charged boric acid form can
generally pass through membranes and so the removal efficiency of RO is only 40%-
80% which means the acceptable boron limits by WHO are exceeded (Tang et al.,
2017; S. Wang et al., 2022).

Cengeloglu et al. studied boron removal from water with 3 different RO membranes
and they stated that 99% removal was achieved only the waters which have pH 11
(Cengeloglu et al., 2008) According to the study conducted by Oo and Song, boron

4 This chapter is submitted to Desalination — Oyku Mutlu Salmanli and Ismail Koyuncu. “Effect of
Different Parameters on Membrane Concentrate Treatment by Using Vacuum Assisted Air Gap
Membrane Distillation/Crystallization (VAGMD/C)”
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removal at pH 10 was 81% for 500mg/L boron concentration whereas 61% at pH 9
(Oo & Song, 2009).

Membrane distillation (MD) is one of the brine management technology. MD is known
as an alternative to the desalination. MD is a thermally driven membrane process
where the hydrophobic membranes are utilized. The vapor pressure difference is the
driving force for MD (Pangarkar et al., n.d.; Srisurichan et al., 2006). Although MD is
a thermally driven separation process it does not require as high temperature as
conventional distillation (Choi, Naidu, et al., 2019; Yun et al., 2006). Although MD is
quite effective method for boron removal, recovery needs to be carried out to ensure
sustainability. Boron is one of the critical raw materials listed by the EU which means
the recovery is also important for the circular economy approach (European
Commission, 2023; Keersemaker, 2020). Membrane distillation-crystallisation
(MDC) is a promising technique for water and resource recovery which is the
combination of MD and crystallization. The addition of crystallization enhances the

crystal growth and nucleation (Balis et al., 2022; Sparenberg et al., 2021)

In this study, vacuum-assisted airgap membrane distillation/crystallization
(VAGMD/C) was investigated to remove and recover boron from RO concentrate.
Synthetic boron solutions were used prior to the real RO concentrate. Different
concentrations, different membranes and different pH were used to determine the
effect of the process. Flux values and boron removal efficiencies were calculated.
Boron removal from RO concentrate was conducted as long term. Obtained crystals
were analyzed to examine the content of crystals.

6.2 Material Methods

6.2.1 Experimental setup

The lab-scale VAGMD/crystallization system was operated for the experimental
investigations. The left side of the membrane module was the feeding side, the
hydrophobic flat sheet membrane was placed in the middle of the module and
thecooling part was the right side. Feeding tank capacity was 2L. Heating (Lab
Companion-CWO05G) and cooling tanks (Lab Companion-RW0525G) were used to
adjust desired temperatures. Peristaltic pumps (Masterflex L/S) were used in both the

feeding and cooling side to provide water flows. The vacuum pump was used to create
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vacuum pressure on the permeate side of the membrane module. Permeate water was
collected in the bottle and measured for water flux calculation. The effective area of
the membrane was 44.18 cm? The conic heat-jacketed custom-made metallic
crystallization tank was placed on the concentrate side which is the feeding side of
VAGMD. The warm concentrate flowed back to the feeding tank from the membrane
module and that concentrate was fed to the crystallization tank. The crystallization

tank was cooled to 20 £3 °C by using Lab Companion RW3-2025 bath circulator.

6.2.2 Experimental and operation procedure

In this study, different boron-contented synthetic feed waters and real RO brine were
used. H3BO3s (Merck) was dissolved in ultra-pure water (<0.055 pS/cm, Sartorius,
France) for preparing synthetic boron solutions. pH value of feed water was adjusted
by using NaOH (Merck) and H>SO4 (Merck) solutions. lon chromatography (IC)
(Dionex ICS-3000) was used to measure the ionic content of feed and permeate waters.
Analytical grade reagents were used and analysis was conducted at 30°C. 0.5M NaCO3
was the anion eluent and 19 mM methanesulfonic acid was the cation eluent. The
boron content of feed and permeate waters was measured by using Optima 7000 DV
Inductively Coupled Plasma- Optical Emission Spectrophotometers (ICP-OES by
Perkin Elmer). The five-point calibration was conducted by using a 1000 ppm B
solution (inorganic ventures) and a 3% nitric acid solution prepared by using 65%

HNOs. All samples were measured three times.

Feedwater was heated to 70 °C by using a heating tank and circulated with a 1.4 L/min
flow rate. The cooling water temperature was adjusted to a 20 °C flowing rate of 480
mL/min. The membrane module has a 7 mm air gap width. Vacuum pressure was 0.08
bar. Three different polymeric-type membranes were used in this study polyvinylidene
fluoride (PVDF), polytetrafluoroethylene (PTFE), and polypropylene (PP). PP
membranes were supplied from GE Water, PVDF and PTFE were purchased from
Sterlitech. The properties of membranes were given in our previous study (Mutlu
Salmanli et al., 2022b). PVDF and PVDF/Bz membranes were fabricated as reported
in a previous study (Mutlu-Salmanli et al., 2023).

The cooling water at 20+3 °C was supplied by using a cooling tank to the

crystallization tank. The content of the crystallization tank was mixed mechanically at
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50 rpm for 72 h duration. The collected crystal samples were analyzed by a semi-
quantitative X-ray fluorescence (XRF) device at METU Central Laboratory.
6.2.3 Performance evaluation of VAGMD/C system

The permeate water flux (J, L/m?h) was calculated by using following
equation(Abdelrazeq et al., 2020; M. A. E.-R. Abu-Zeid et al., 2015);

J =35 (6.1)

Where Am is the cumulative amount of the collected permeate water (kg), A is the

effective membrane area (m?) and At is the testing time (h).

The boron removal efficiency (R) was calculated by using the following equation;
R(%) = (%) x100 (6.2)

where cs is the feed water boron concentration and c; is the permeate water boron

concentration.

Three main mechanisms control the mass transfer of the membrane distillation;
molecular diffusion, Knudsen diffusion and Poiseuille flow. The proportion of the
mean free path of the molecules being transported to the membrane pore diameter is
known as the Knudsen number (Kn), which is the dominant mechanism in membrane
distillation. Knudsen number can be calculated by following equation (Khayet, 2011;
Sarbatly & Chiam, 2013);

A
Ky = a (6.3)

where A is the mean free path of the vapor molecules and d is the membrane pore

diameter.

6.3 Results and Discussion

6.3.1 VAGMD-C tests with synthetic boron solution

Before real RO brine tests the synthetic boron solution tests were conducted with

vacuum-assisted air gap membrane distillation system. The concentration of synthetic
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boron solutions was between 250-5000 mg/L. A commercial PVDF membrane was
used. Permeate water flux and boron removal efficiencies were determined. Water flux
and boron removal efficiency for all solutions at 70°C feed water temperature are
presented in Figure 6.1. Flux values differed slightly thanks to the fact that MD is not
much affected by inlet concentrations (Kabay & Bryjak, 2015; Mutlu-Salmanli et al.,
2023; Najid et al., 2021). Regardless of the inlet boron concentration, the boron
rejections were higher than 99% for all boron concentrations. However, after the
crystallization process crystals were observed just for 5000 mgB/L so the following

experiments continued with that concentration.
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Figure 6.1 : Average permeate water flux and boron removal efficiency at different
inlet concentrations.

After selecting the boron concentration experiments were conducted under different
pH values of 5.5, 8 and 9.3. Boric acid (HsBO3) can be found as a borate ion form at
higher pH. Since it is stated in the literature that the retention of borate ions in
membranes is higher than in boric acid (Freger et al., 2015), the study was also tested
by increasing the pH to see the effect of pH. The conversion between boric acid with
a pKa of 9.1 and borate ion is expressed in the equation below (Guan et al., 2016;
Mutlu-Salmanli & Koyuncu, 2022; Tagliabue et al., 2014b)

B(OH); + H,0 <> B(OH), + H* (6.4)

When the pH rises above the pKa value of 9.1, there are more borate ions in the water.
Considering the boron removal efficiencies at these pH values (Figure 6.2), it was
observed that the removal efficiency increased slightly with the increase in pH and
higher than 99% for all pH values. In addition, crystal formation was higher at pH 9.3.
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Figure 6.2 : Average permeate water flux and boron removal efficiency, at different
pH.

Since crystallization was not very effective for pH 8 it was not selected for further

studies. To evaluate the impact of membrane material on the permeate flux and

removal efficiency was examined. The results are given in Figure 6.3.
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Figure 6.3 : Average permeate flux and boron removal efficiency at different pH and
membrane types.

Figure 6.4 : PTFE membrane after experiment conducted at pH 9.3.

Due to the additional components for pH adjustment, the flux values at pH 9.3 were
lower than the neutral pH of the solution except for PTFE. Membrane wetting occurred
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for PTFE at higher pH so the flux increased (Figure 6.4). PP-type membrane showed
higher flux values similar to the previous studies which is related to the membrane
thickness. The heat conduction to the other side of the membrane decreases with the
increasing thickness which means lower heat and mass transfer. Transmembrane flow
Is constrained by the membrane structure, which reduces the ease of penetration
(Eykens, Hitsov, et al., 2016; Mutlu Salmanli et al., 2022b; Swaminathan et al., 2018a;
H. Y. Wu et al.,, 2014). The concentrated feed water was transferred to the
crystallization tank at 20+3 °C 50 rpm for 72 h after VAGMD experiments were
done.Due to the increasing dissolution of boric acid with temperature, cooling
crystallization was applied. The crystal structures can be seen from the SEM images
(Figure 6.5)

Figure 6.5 : SEM images of crystal from a) PVDF at neutral pH b)PVDF at pH 9.3
c) PTFE at neutral pH d) PTFE at pH 9.3 e)PP at neutral pH and f) PP at pH 9.3.

6.3.2 VAGMD/C tests with real RO concentrate

VAGMD/C process was operated to remove and recover boron from real RO
concentrate. 3 different types of membranes were operated long-term at neutral pH of
brine which is around 7. Permeate water flux of PP was the highest while PVDF was

lowest similar to the synthetic boron solution studies. The permeate water flux
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decreased when the bulk concentration increased with time according to Raoult’s law
since the mole fraction of water (Xi) decreases with the increasing solid fraction which
is proportional to the partial pressure (Howard Devoe, 2001; S. Kim et al., 2018;
Qtaishat et al., 2008) Due to the increasing feed concentration the viscosity of feed
increase and this led to the thicken the concentration boundary layer which decreases
the permeate flux ( Han et al., 2022)

PS=P'(1-X,) (6.5)

where X; is the mole fraction of solid in the bulk liquid, P*® is the partial vapor pressure
of water at Pa and PV is the partial vapor pressure of pure water at Pa. To evaluate the
system performance with real concentrate at pH 9.3 PP membrane was tested. After
commercial membranes were fabricated electrospun nanofiber membranes were also

tested in terms of concentrate treatment.
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Figure 6.6 : Permeate water flux of a) commercial membranes, b)fabricated
membranes in real concentrate.
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Table 6.1 : Boron concentrations in feed, permeate and concentrate water for real
RO concentrate.

Membrane MD feed MD permeate MD concentrate Boron Removal
(mg/L) (mg/L) (mg/L) Efficiency (%)
PTFE 4953 41.56 19230 99.16
PVDF 5377 25.72 24920 99.52
PP 3633 35.08 26310 99.03
PP pH 9.3 4778 1.52 35220 99.96
PVDF Espun* 4823 478.98 17260 90.06
PVDF/Bz* 5231 60.24 17890 98.85

*(Mutlu-Salmanli, et al., 2023)

Flux decrease in time can be seen in Figure 6.6 a for commercial membranes. The
precipitation and crystallization on the membrane surface can lead to a higher flux
decrease in real concentrate. However permeate water flux is much more stable during
experiment time for nanofiber membranes which showed it wasn’t affected by scaling
or fouling (Mericq et al., 2010). Boron removal efficiencies as can be seen in Table
6.1. And the feed boron concentrations were between 3633 and 5377 mg/L where
concentrate water boron concentrations were increased up to 35220 mg/L which
proves the efficiency of a system in terms of boron removal. The ion content of both

feed water and permeate water for this study is given in Table A.1.

Figure 6.7 : SEM images of a) PTFE, b)PVDF, c)PP, d)PP at pH 9.3, ¢) PVDF/Bz
and f) PVDF espun membranes at the end of long term VAGMD.
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SEM images of membrane surfaces after long-term treatment are given in Figure 6.7.
Crystal formation was obvious in the commercial membranes however fiber structure
of developed membranes were not covered by crystals. This proves the nanofiber
membranes didn’t affected by scaling or fouling as stated above. And EDS images
(Figure A 1-3). The XRF results as given in Table 6.2 which shows the B>O3z content
of obtained crystals. Results showed that it was possible to reach the boron content up
to 44.6%. The pH increment lowered the purity of crystals in terms of boron and the
lowest B>O3z amount was obtained from the crystals of 0.45 PP membrane at pH 9.3.

Fabricated nanofiber membranes gave higher results in terms of B2Os content.

Table 6.2 : XRF analysis result of obtained crystals.

Compound Membrane
Wt%)  BUDF PVDF/Bz 045 045 045 045
Espun PVDF PTFE PP PP
pH 9.3
Na,O 4.69 8.34 3.37 7.18 37.0
MgO 14.7 2.52 17.4 14.9 14.0 11.7
K20 0.239 0.219 0.714 0310 0.754 0.366
CaOo 9.59 9.99 1.96 11.5 1.96 5.88
CO, 16.7 23.1 17.5 13.8 17.4 11.6
Cl 1.59 0.935 5.36 2.05 4.38 3.95
MnO 0.0389 0.129 0.136  0.0591
Fe,03 0.110 0.0661 0.219 0.0577 0.0230
NiO 0.0811 0.107 0.0502 0.0764 0.0508 0.0214
CuO 0.0157 0.0531 0.0245 0.0144
0.0082
Zn0O 0.160 4.46 0.0823 0.537 0.337 0.0253
Al;O3 0.0665 0.0545 0.0412 0.0846 0.0770 0.0544
SiO; 0.412 0.539 0523 0.493 0.655 1.01
P20Os 0.0339 0.0137 0.0394 0.515 0.0427 0.0383
SOs 18.7 13.0 23.5 21.5 22.4 16.3
As>03 0.108 0.0452 0.267 0.198 0.297 0.130
SrO 0.904 0.232 0.157 0414 0.172 0.144
Rb,O 0.0065 0.0088
Cr,03 0.0339 0.0535
B203 31.9 44.6 23.9 30.4 30.1 11.7

6.4 Conclusion

VAGMD/C was evaluated for removal and recovery of boron from RO concentrate.
Synthetic boron solution and real RO concentrate were fed to the VAGMD by using
different membranes and different pH values. Concentrated brine with VAGMD was
further concentrated with the crystallization process. Experiments showed the

efficiency and capability of the VAGMD/C system in terms of boron removal and
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recovery. According to the results discussed above, the following conclusions can be

made:

¢ Since the increasing concentration permeate water flux decreased at higher pH

for commercial membranes

e Compared to the commercial PVDF and PTFE membranes, permeate water

flux values were higher for PP membranes.

e Permeate water flux was constant for fabricated nanofiber membranes during
experiment time which shows fabricated membranes were more resistant to

scaling and fouling compared to commercial membranes.
e Up to 44.6% B,Oz contented crystals were obtained successfully.

e The VAGMDI/C process is effective for boron removal and recovery from high

boron-contented waters.
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7. BORON REMOVAL AND RECOVERY VIA VACUUM ASSISTED AIR
GAP MEMBRANE DISTILLATION-CRYSTALLIZATION (VAGMD-C): A
PILOT-SCALE STUDY®

7.1 Introduction

Boron is an essential element with a wide range of usage areas in industrial facilities.
Glass, semi-conductor, leather, detergent, drug, and cosmetics are some of these
industries. The procedures of these industries cause boron-contained wastewater
formation(Ozdemir & Kipgak, 2010; Oztiirk et al., 2008). Boron can also be found
naturally in waters, depending on the properties of the region. Turkey has the most
significant percentage (53%) of the world’s natural reserves of boron ores
(Boncukcuoglu et al., 2003). The boron industry in the area results in highly
concentrated water that needs to be treated; this water was used in this study. Aside
from industrial requirements, humans and plants also need boron through dietary
intake and as a micronutrient in a certain amount. Although boron is crucial for plant
growth, it can be toxic when it exceeds the tolerance limit, which changes for every
plant. Yellow leaf, detention of development, and even plant death occur when the
limit values are exceeded (Guan et al., 2016; Hilal et al., 2011). An excessive amount
of boron can also cause some diseases in human beings, i.e., diarrhea, anorexia,
vomiting, and skin problems (Kot, 2015; Wolska & Bryjak, 2013). WHO has set the
limit values for drinking water to be 2.4 mg/L in 2011. Due to this limit, the value is
pretty high; many countries comply with their limitations. To preserve plants, the
irrigation water boron limit value is lower than 0.3 mg/L (Freger et al., 2015; Guan et
al., 2016; Tagliabue et al., 2014). Adsorption, ion exchange, precipitation,

electrocoagulation, and membrane processes are some techniques for removing boron

® This chapter is based on” Oyku MUTLU SALMANLI, Anil KAZAK, Turker TURKEN, Mehmet
Emin PASAOGLU, Bihter ZEYTUNCU and Ismail KOYUNCU (2023) Boron removal and recovery
via vacuum assisted air gap membrane distillation-crystallization (VAGMD-C): A pilot-scale study’,
Desalination, 547, 116229, https://doi.org/10.1016/j.desal.2022.116229
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from waters that are found in the literature (da Silva Ribeiro et al., 2019; Kose &
Oztiirk, 2008; Ngwabebhoh et al., 2019; Shih et al., 2014). Due to some limitations of
conventional methods, membrane processes have gained popularity in the last decades
(Bartova et al., 2016; Boubakri et al., 2015; Bunani et al., 2017; Lan et al., 2021; Y.
Li et al., 2020; Melnyk et al., 2005; Ozbey-Unal et al., 2018; Wang et al., 2018).

Reverse osmosis is a desalination technique that is used widely. The RO process is
also used to remove boron from seawater in the literature (Giiler et al., 2011; Taniguchi
et al., 2004; Tu et al., 2010; Xu et al., 2010). However, pH is the main limitation of
boron removal with RO. Under acidic conditions (pH<9), boron is generally found as
boric acid, which can pass through membranes. Newly developed membranes (Lan et
al., 2021; Y. Li et al., 2020; Wang et al., 2018) and different processes combined with
RO (Ban et al., 2019; Farhat et al., 2013; Giiler et al., 2011; La Cerva et al., 2019;
Tomaszewska & Bodzek, 2013) are studied in the literature to enhance boron removal

efficiency by using RO.

Membrane distillation is a thermally driven separation process that combines the
distillation and membrane process. The main idea is to pass water vapor through
membrane pores instead of water molecules. Hydrophobic membranes are used to
achieve this goal. MD does not require temperatures as high as conventional
distillation. Additionally, it has lower energy consumption than RO due to the lower
pressure requirement. MD is also less susceptible to the highly concentrated feed
waters [23,24]. Thus, it is advantageous, particularly for complex wastewaters which
contain much more contaminants. In the literature, there are studies for boron removal
which successfully use MD. Wen et al. achieved 99.97% boron removal efficiency for
radioactive wastewater treatment, which contained 5000 ppm boron by using direct
contact membrane distillation (DCMD) (Wen et al., 2016) Jia et al. investigated the
vacuum membrane distillation for the treatment radioactive wastewater with contents
of 10000 ppm boric acid and 550 ppm salt.. They reported that the boron rejection ratio
was over 99.9% (F. Jia et al., 2017). In the seawater treatment via DCMD that was
conducted by Boubakr et al., more than 90% removal efficiency of boron was achieved
for the initial boron concentration of 5.37 ppm (Boubakri et al., 2015). A self prepared
PVDF membrane was successfully tested in the DCMD system by Hou et al. Their
feed water was natural seawater; the boron concentration was 4.65 ppm with a the

salt concentration of 35000ppm. The boron removal efficiency was over 99.5%(Hou
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etal., 2013). Air gap membrane distillation configuration was also a successful option
for boron removal, according to the study conducted by Eryildiz et al. Higher than
90% boron removal efficiency was obtained for wastewaters with high boron content
(Eryildiz et al., 2021). Geothermal waters, rich in boron and different anions and
cations, were also tested using MD. 60 ppm boric acid in the feed solution was reduced
to 0.145 ppm, which means that higher than 99.5% boron removal efficiency (Ozbey-
Unal et al., 2018) and higher than 99.3% removal was achieved for fabricated
electrospun nanofiber membranes (Ozbey-Unal et al., 2020). All these studies above
are lab-scale tests. There are pilot scale studies of MD in the literature (Dow et al.,
2016; Eykens et al., 2018; Gil et al., 2018; X. Jia et al., 2021; Lee et al., 2020;
Palenzuela et al., 2018; Sun et al., 2015); however, none of them focus on boron
removal. Removal is essential, but it is not sufficient alone. For a sustainable world,
the recovery of sources is significant (Mutlu-Salmanli & Koyuncu, 2022). On the lab
scale, there are a few studies about boron recovery [12,26], whereas there is no study
on the pilot scale. For recovering salts from highly concentrated waters, the
crystallization process combined with MD is a promising method (Choi et al., 2017,
2018; Edwie & Chung, 2013; Naidu et al., 2018; Tun et al., 2005). However, there is
no study about pilot scale membrane distillation-crystallization for boron removal and

recovery in the literature.

In this study, both the raw water, containing high boron concentrations, and the RO
concentrate of this raw water were treated using pilot scale vacuum assisted air gap
MD (VAGMD) and crystallization for the removal and recovery of boron. Different
recovery rates were applied and the flux, conductivity, vacuum pressure, flow rate of
MD system were observed. The removal efficiencies of boron, arsenic, conductivity,
and hardness were analyzed for both feed, permeate, and concentrate waters. The
obtained crystals following the crystallization process were analyzed in relation to

boron content.

7.2 Materials & Methods

7.2.1 Experimental setup

The MD pilot scale setup used in this study was purchased from Aquastill (The

Netherlands) and comprised of a spiral wound AGMD membrane module (Figure 7.1).
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The pilot unit is made from modular aluminum building elements easily adapted to the

required conditions. The technical data of the system is given in Table 7.1.

Figure 7.1 : Pilot scale MD unit.

The MD module had 6 hot and 6 cold parallel channels with a length of 1.5 m and was
arranged in counter-current flow. Each hot channel has 2 membrane sides. The system
had 2 heat exchangers for waste heat input and cooling and automatic feed and
discharges of process streams. The membrane material is polyethylene (PE), with a
7.2 m? area in the module with a 4.2 bar liquid entry pressure value, a nominal pore
size of 0.16 um, a porosity of 80%, and a thickness of 10 um. Mesh spacers inserted
into hot and cold brine channels were made of PP with a thickness of 1.016 mm. Mesh
spacers with a thickness of 0.34 mm were used between condenser and evaporator
channels. By changing the connections, the pilot system can use multiple modules such
as AGMD and V-AGMD. Generally, a membrane can produce 2-15 L/m?h distillate
based on the process conditions, and fluxes generated in normal practical conditions
are between 2-5 L/m?h. The setup has the main control screen that adjusts the feed
water temperature, feed water, and condensate flow. The data obtained can be viewed
instantly on the P&ID diagram on the control screen. The P&ID of MD unit is given

in Figure 7.2.
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Table 7.1 : Technical data of pilot MD.

Module Cooling circuit
Max. Brine 80 °C Max. cooling 45 °C
temperature temperature
Min. Brine 2°C Min. Pressure. 3.5 bar
temperature
Max. Allowable 0.6 bar Max. Allowable 10 bar
pressure pressure.
HEAT EXCHANGER
VACUUM TANK
5
I—y__—AIR ENTRY
MEMBRANE
Dlzglaﬁ[lg" IDISTILATE TANK

RETURN COOLIN
WATER

VENTURI

COOLING WAT

CONCENTRATE
DISPOSAL

FEED LINE
WATER SUPPLY

HEATER

DRAIN LINE

Figure 7.2 : P&ID of pilot scale MD unit.
7.2.2 Experimental method

The Aquastill branded pilot MD system was used to treat different water streams. In
the first series of experiments, water with a conductivity value of 35 mS/cm was fed
to the system. The obtained permeate has a 0.08 mS/cm conductivity value when
feeding at 60°C. The feed water circulation rate was 800 L/h, and after optimizing the
system settings, pilot scale membrane distillation was applied under the same

operating conditions to the water stream obtained from the river.
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Table 7.2 : Properties of River water.

Parameter Value

B, ppm 2272

As, ppm 3.28
Hardness, ppm 2627
pH 7.11
Conductivity, pus/cm 4404

In the studies applied to the raw water, the MD system primarily operated in batch
mode. The characteristics of raw water are given in Table 7.2. The system was operated
at different recovery rates as; 50%, 70%, 75%, and 80%. The system was operated in
batch mode by observing the operation parameters, and an 85% recovery rate was also
reached. Flux, flow rate, conductivity, and vacuum pressures were observed for 3
hours of the experiment duration, and results were given as values vs. time graphs. The
removal efficiencies of boron, arsenic, hardness, and conductivity were also
calculated. After different recovery ratios were tested in batch mode, the MD system
was operated in continuous mode. Two repeated studies were conducted for
continuous mode for approximately 36 hours. Different recovery rates were tested, and
a 90% recovery rate was obtained. 80% stable recovery rate was also tested. After raw
water studies, the MD pilot system was tested using RO concentrate water from a river.
The system was operated at 3 different recovery rates, which are 50%, 70%, and 75%.
Flow rate, flux (J), vacuum pressure, and conductivity values were observed for the
duration of the experiments, and the graphs were drawn as values vs. time. J (Lm2h)
depicts the production capacity of MD and was calculated by the following equation
(Abu-Zeid et al., 2015);

j=im (7.1)
A.At

Where Am is the amount of permeate water (kg), A is the effective surface area of the
membrane used in the membrane module (m?), and At is the operating time (h). The
link between the permeate flux and the vapor pressure difference across the membrane
in the MD process is typically stated as follows according to the Darcy’s Law (Attia
etal., 2017; Liu et al., 2017):
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J=CmAP (7.2)

where Cm is the transmembrane mass transfer coefficient, AP is the mass transfer’s
driving force of the pressure difference. The Antoine equation can be used to determine
the water vapor pressure(B. Li & Sirkar, 2005; Liu et al., 2017; Sun et al., 2015):

P=exp [23.1964 — 2254 (7.3)

T—-46.13

The proportion of the mean free path of the molecules being transported to the
membrane pore diameter is known as the Knudsen number (Kn), which is the

controlling mechanism in membrane distillation (Khayet, 2011)

Kot (7.4)

where A is the mean free path of the vapor molecules and d is the membrane pore

diameter.

The Knudsen and molecular diffusion mechanisms take place together which the mass
transfer is controlled by, when 0.01<Kn<1. Ckn, the permeability coefficient of
Knudsen diffusion, and Cmol, permeability coefficient of molecular diffusion and Cm,
the total permeability coefficient, can be calculated by the following
equations(Alkhudhiri et al., 2012; Khayet et al., 2004):

_1 8my, 05 &g (7.5)
Ckn 73 (TL’R(Tm+273.15)) At
Cp, _Dw-aPtm € Mw (76)

ol p . dmt R(Ty+273.15)

Cn=(—=+— )_1 (7.7)

where mw is the molecular weight of water, ¢ is the membrane porosity, d is the
membrane pore diameter, Tm is the average membrane temperature, R is the gas
constant (8.134 J/mol°C), d,, is the thickness of membrane, tis the membrane pore

tortuosity, Ptm is the total pressure in the membrane pore, D,_, is the diffusion
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coefficient of the vapor molecules in air and Pm is the log-mean air pressure at

membrane’s both side.

Where the pore size is far less than the mean free path, the Knudsen mechanism is the
controlling mechanism for mass transport (Kn>1). When the pore size is greater than
the mean free path (Kn<0.01), the molecular diffusion mechanism is the dominant
mechanism. In AGMD processes, since the partial pressure of the NCGs is nearly
equal to atmospheric pressure, the Knudsen mechanism can be neglected. Therefore.
the mass transfer occurs through the molecular diffusion mechanism (Cheng et al.,
2009; Liu et al., 2017).

For the VAGMD process, there will be pressure gradients in the air gap; thus, the
viscous flow can no longer be disregarded. Moleculer diffusion will finally stop once
all of the NCGs have been eliminated (Fan & Peng, 2012; Liu et al., 2017).

Specific energy consumption (SEC) is the ratio of total energy consumption to the
weight of distillate produced which can be calculated using the following equation
(Abu-Zeid et al., 2016; Couto et al., 2020).

EC

The removal efficiencies of boron, arsenic, hardness, and conductivity were calculated
according to Eq. 1, where the Cf is the concentration of feed solution, and Cp is the

permeate solution.

R(%) = (1 _ %) 2100 (7.9)

Boron (B) and arsenic (As) in the solutions obtained during the studies were analyzed
with an inductively coupled plasma optical emission spectrometer (ICP-OES, Perkin
Elmer Optima 7000DV).

Concentrate waters obtained from the MD system had high pollutant content. The
crystallization process was applied to these concentrates. Since boric acid dissolution
decreases with decreasing temperatures, the crystallization process was conducted by
cooling. 20+3 °C temperature was supplied with a cooling bath while the mechanical
mixer applied a 50 rpm mixing rate. Semi-quantitative X-ray fluorescence (Rigaku
ZSX Primus I1) was used to characterize recovered precipitates. In these experiments,

for the reuse of solids in the production process, the most critical parameter. B203,

112



was investigated. The MD system was used in two separate studies on raw water and

RO concentrate treatment.

7.3 Results

7.3.1 Raw water experiments

The pilot scale membrane distillation tests were carried out in an Aquastill pilot scale
V-AGMD system to treat river water with higher boron content, as seen in Table 7.2.
The raw water from that river was first used as feed water directly to the MD system
in batch mode experiments. For the 3 hour experiment duration, 50%, 70% 75%, 80%
and 85% recovery rates were used. In the MD study, where raw water was fed directly,
raw water was fed to the MD system continuously. In the graphs given in Figure 7.3,
the results obtained in 180 minutes of all recovery rates are shared in order to show
them as an equal time interval from the moment the recovery rates of 50%, 70%, 75%,
80% and 85% are reached in the MD system. The total time taken to reach each
recovery rate within the scope of the study were found to be: 180 minutes for 0% to
50% recovery rate, 285 minutes for 50% to 70% recovery rate, 180 minutes for 70%
to 75% recovery rate, 180 minutes for 75% to 80% recovery rate, 80% 405 minutes
for a recovery rate of 80% to 85%. Permeate flux, permeate flow rate, vacuum
pressure, and conductivity values change were observed during the operation period.
According to the results, input conductivity values increased by 30-38% in each
recovery at the end of the 3-hour operating time. In comparison, an approximately 17%

permeate flow rate decrease was observed in each recovery rate (Table 7.3).

Table 7.3 : Recovery rates vs. average permeate fluxes.

Recovery Rate (%) Average flux (L/ m?h)
50 3.16
70 2.75
75 2.52
80 24
85 2.39

The flux difference is higher between 50% and 70% recovery rates than between 70%

and 75% recovery rates since the distinction between ratios was higher. Due to
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obtaining a more concentrated stream, the conductivity increment is higher when the
recovery rate is higher. Vacuum pressures were between 0.15 bar and 0.20 bar with
increasing recovery rates. Higher conductivity resulted in higher vacuum pressure.
Although the input conductivity values differed widely, the permeate flow rate for
different recovery rates did not change as much as the conductivity, which can be
attributed to the fact that the MD is not largely affected by the inlet concentrations
(Kabay & Bryjak, 2015; Najid et al., 2021). When the salt concentration exceeded 80
g/L, a decline in trend becomes more apparent (Xu et al., 2016).

30

0,3

N
w

=
£ =
= 8 1
= 20 =0,2 § &
[
§ g’y K
@
S 15 @ 3
E : ]
—A— 509 £
] SOo/oE‘Recovery 3 —&— 50%®Recovery
g 10 —X¥— 70%Recovery 301 .
H —— 75%Recovery 8 —¥K— 70%Recovery
o = —8— 75%Recovery
—8— 80%Recovery
5 —&— 85%Recovery ¥ 80%Recovery
—&— 85%Recovery
04 0 T
0 50 100 150 200 0 15 30 45 60 75 90 105120 135150 165 180
TimeBmin) Timelmin)
a b

14000

4
12000
10000 ;M//
M u

oL
7@

Conductivity®)2
()] (o]
o o
o o
o o

4000 4 —&— 50%Recovery
—%— 70%Recovery
2000 17 ——&— 75%Recovery

—®— 80%Recovery
——e— 85%Recovery

0

0 15 30 45 60 75 90 105120135150165 180
TimeQmin)

c

Figure 7.3 : a) Permeate flowrate, b) Vacuum pressure, ¢) feed conductivity, change
during batch operation.

Water characteristics were given in Table 7.4 for feed, permeate and concentrate
streams in terms of boron, arsenic, hardness, pH, and conductivity. According to the
results, boron removal efficiencies were 98.66%, 97.4%, 98.1%, 97.5% and 96.6%,
for the recovery rates of 50%, 70%, 75%, 80% and 85%, respectively. The arsenic
removal efficiency was obtained as 100% for all recovery ratios (Figure 7.4). The
system was operated in batch mode by observing the operation parameters, and an
85% recovery rate was reached at maximum.
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Table 7.4 : Water characteristics for raw water batch operation.

Rec
Rate Pilot MD Feed Water Pilot MD Permeate Water Pilot MD Concentrate Water
(%)
B As Hardness 9y Conductivity B As Hardness y Conductivity B As Hardness 9y Conductivity
(ppm)  (ppm)  (ppm) i (ns/cm) (ppm)  (ppm)  (ppm) ’ (ns/cm) (ppm)  (ppm)  (ppm) i (ns/cm)
50 2164 3.2 3000 6.48 3440 29.1 ND 3 7.56 6.2 4376 4 6250 6.73 6240
70 2164 3.2 3000 6.48 3440 56.9 ND 77 6.92 47.9 5272 7.20 7600 6.59 7300
75 2164 3.2 3000 6.48 3440 41.0 ND 3 6.41 7.5 6408 4.80 9000 6.41 8340
80 2191 4 3100 7.27 4270 55.8 ND 3.7 5.27 9.5 10409 10 13575 5.93 14155
85 2191 4 3100 7.27 4270 75.5 ND 9.5 5.56 28.2 11924 20 14200 5.75 15080

ND: not detected
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Figure 7.4 : Removal efficiencies of raw water batch operation.

After batch mode operations, raw water was fed to the MD system continuously, for
approximately 36 hours. The results showed that it was possible to reach a 90%
recovery rate. The permeate flow rate was an average of 30 L/h, and inlet conductivity
value increased by 69% (Figure 7.5). The module entrance pressure increased
exponentially for the 6 hour process period. As seen in Table 7.5, the inlet water
comprises of 2086 ppm B, 4 ppm As, 3500 ppm hardness, 3790 (us/cm) conductivity,
and a pH of 7.13. The input conductivity values increased by approximately 69%, and
the permeate flow rate was 30 L/h on average. The average vacuum pressure was 0.14

bar.
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Figure 7.5 : a) Permeate flowrate, b) feed conductivity, ¢) Vacuum pressure, change
during continuous feed raw water.
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Table 7.5 : Water characteristics for raw water continuous operation.

Recovery
Pilot MD Feed Water Pilot MD Permeate Water Pilot MD Concentrate Water
Rate (%)
B As Hardness Conductivity B As Hardness Conductivity B As Hardness Conductivity
pH pH pH
(ppm)  (ppm)  (ppm) (ns/cm) (ppm)  (ppm)  (ppm) (ns/cm) (ppm)  (ppm)  (ppm) (ns/cm)
70 2086 4 3100 7.13 3790 23 ND 3 6.24 10.3 5623 4.6 7600 6.55 9998
80 2086 4 3100 7.13 3790 47.2 ND 2.5 5.92 9.6 12579 4.8 13000 5.72 15670
90 2086 4 3100 7.13 3790 78 ND 4 6.34 114 12972 5.1 14400 5.68 17080

ND: not detected
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According to the results, the B removal efficiency was 98.9% for the 70% recovery
rate, while the removal efficiencies were 97.74% and 96.26% for a recovery rate of
80% and 90%, respectively (Figure 7.6) Duong et al. used the same pilot scale MD
system for seawater desalination. The feed water has 55 ms/cm conductivity, and they
achieved lower than 100 us/cm permeate water conductivity which is higher than the
results of this study (Duong et al., 2016).
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Figure 7.6 : Removal efficiencies for continuous operation.

7.3.2 RO concentrate experiments

After raw water experiments, RO concentrate treatment via MD was studied. In the
MD study where RO Concentrate water was fed, the MD system was fed continuously.
In the graphs given in Figure 7.7 , the results obtained in the 200-minute time frame
of all recovery rates are shared in order to show them as an equal time interval from
the moment the recovery rates of 50%, 70% and 75% are reached in the MD system.
Since the higher recovery rates cause the formation of solid particles, which clogged
the system lines, 80%, and 85% recovery rates could not be carried out for the
concentrate stream. The total time taken to reach each recovery rate within the scope
of the study is given as follows; It is 210 minutes for 0% to 50% recovery rate, 225

minutes for 50% to 70% recovery rate, and 255 minutes for 70% to 75% recovery rate.

Changes in conductivity in time affects the other operating parameters. Conductivity
increment resulted in lower permeate flowrate, lower flux, and higher vacuum
pressures. The average flux was 3.3 L/m?h for 50% recovery rate while 2.98 L/m?h
and 2.81 L/m?h for 70% and 75% recovery ratios, respectively. 20% increase in

recovery rate decreased flux ca.10%. However, a 5% increase in recovery rate declined
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flux approximately 6%. The permeate flow rate has the same trend with flux as
expected. Average flow rates were 23.7 L/h, 21.5 L/h, and 20.2 L/h for the increasing
recovery rates from 50% to 75%. Increasing feed salinity due to increasing recovery
rates causes the partial pressure difference, the driving force of MD, to decline
according to Raoult’s law (Mutlu Salmanli et al., 2022b; Qtaishat et al., 2008). The
decrease in vapor pressure is caused by decreased water activity caused by ion
hydration and ionic association in salt solution (Guendouzi et al., 2001). So, as a result
of the concentration of feed water, less water vapor is passing through the pores and
water flux decreases slightly (Duong et al., 2016).

Additionally, the increasing feed concentration resulted in temperature polarization by
increasing the feed solution’s viscosity and also causes a concentration layer
formation. These two layer together decrease the driving force. So, the fluxes and
permeate flow rates decreased with increasing recovery rates (Duong et al., 2015;
Mutlu Salmanli et al., 2022; Safavi & Mohammadi, 2009). The decrease in the
permeate flowrate may also be a result of the release of carbon dioxide during the
distillation process. Water vapor and carbon dioxide transfer through membrane pores
might compete, lowering the production of permeate (Duong et al., 2015). With higher
salinity, the vacuum pressures increased slightly. The average pressure was 0.066 bar

for 50% recovery and 0.075 bar for the recovery rate of 75%.
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Figure 7.7 : a) Permeate flowrate, b) feed conductivity, ¢) Vacuum pressure, change
during concentrate treatment.
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Table 7.6 : Water characteristics for RO concentrate studies.

Recovery
Pilot MD Feed Water Pilot MD Permeate Water Pilot MD Concentrate Water
Rate (%)
B As Hardness Conductivity B As Hardness Conductivity B As Hardness Conductivity
pH pH pH
(ppm)  (ppm)  (ppm) (ns/cm) (ppm)  (ppm) (ppm) (ns/cm) (ppm)  (ppm) (ppm) (ns/cm)

50 5000 1.6 430 8.92 8840 76.8 ND 125 8.94 205 10011 2 1350 8.64 19460

70 9803 1 830 8.82 22200 102 ND 7.0 9.10 228 17123 1.6 1400 8.88 32100

75 16512 0.8 1600 8.39 60100 134 ND 9.8 8.97 345 27640 2 7100 8.22 47700

ND: not detected
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Figure 7.8 : Removal efficiencies for RO concentrate studies.

RO concentrate treatment using MD for River water was conducted at 3 different
recovery rates, 50%,70%, and 75%, on batch mode. As can be seen in Table 7.6 boron
concentrations of permeate waters are 76.8, 102, and 134 ppm for 50%, 70%, and 75%
recovery rates, respectively. Boron removal efficiencies were approximately 99% for
all recovery rates. At the same time, arsenic removal efficiencies were 100% (Figure
7.8). Eykens et al. used pilot scale Aquastill MD for recovery of cheese-making brine,
and they obtained ca. 200ps/cm conductivity for permeate water, similar to the results

of this study (Eykens et al., 2018).

According to the results obtained, while the MD process is applied directly to raw
water with 2086 ppm B, 4 ppm As, 3500 ppm hardness, and 3790 ps/cm conductivity,
boron removal efficiencies were 98.9% for the 70% recovery rate, and for the 80% and
90% recovery rates the efficiencies were 97.74% and 96.26%, respectively. In
addition, vacuum pressures were observed to be 0.14 bar. RO concentrate, in which
the reverse osmosis system is used as a pre-treatment, has B varying between 5000-
16512 ppm, As varying between 0.8-1.6 ppm, hardness varying between 430-1600
ppm, and conductivity values varying between 8840-60100 ps/cm. When the MD
process was applied to the RO concentrate, boron removal efficiencies were
approximately 99% for all recovery rates. In addition, the vacuum pressures vary
between 0.066 bar and 0.075 bar. In this case, boron removal efficiencies of the MD
system are higher in reverse osmosis concentrates. The reason for this situation can be
shown as the negative effect of raw water having more hardness ions (calcium and
magnesium) on B removal since it can cause scaling and wetting of MD membrane

(Hsieh et al., 2021). This explanation is also supported by the fact that the measured
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vacuum pressures were lower and fluxes are higher when the MD system was applied

to the RO concentrate, which had removed the ions causing hardness in the water.

MD requires less energy than RO which makes it an attractive option. As seen in the,
Table 7.7, for this study, the specific energy consumption of the two-stage RO system
is 164 kwh/m?®, and the specific energy consumption of the MD system is 121.1
kWh/m?3, of which 87.8 kwh/m?is the thermal energy consumption. In this case, it can

be seen that the energy consumption of the MD system was lower.

Table 7.7 : Energy consumption of RO and MD system.

Permeate flow Thermal Energy SEC Max.
Method rate Consumption (kWh/ m?) Recovery
(L/ h) (KWh/ m®) Rate (%)
2 Stage Reverse Osmosis
(BWRO + SWRO) 1000 0 164 80
MD System 800 87.8 1211 85

7.3.3 Crystallization experiments

In addition to the RO and MD studies carried out with the flows of the River Stream,
the concentrated liquids with high pollutant content obtained from the MD system
were subjected to the crystallization process. Following filtration the obtained solids
were dried in an oven at 104 ° C for dry weight determination. Then, semi-quantitative
XRF analyzes were performed on the obtained dry solids. In these analyses, the B.O3
ratio, the most critical parameter for the obtained solid to participate in the regeneration

process, was examined.

Two MD studies were carried out by feeding raw water directly and feeding the
concentrate obtained through the RO process within the scope of the river stream.
Concentrates obtained from MD in both types of studies were subjected to the

aforementioned processes.

Raw water from the river before the liming unit, fed to the MD system intermittently
and continuously, it was characterized by a boron content of 2500-3000 ppm, which
was then concentrated to 12000 ppm boron in the water with these studies.

The obtained concentrate from MD contains approximately 85-95 gr solid per liter,
which means ca. 10% wt of concentrate. The solid part contains approximately 40-
45% B»03, which is essential for boron recovery for boric acid production. The

obtained crystals as given in Figure 7.9. The XRF results of the crystals are shown in
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Table 7.8. The % B.Oz of this solid is similar to colemanite and ulexite substances.
Colemanite can contain 13.67% to 44.5% B>0s, according to different studies
(Aksogan et al., 2016; Erdogmus, 2014; Okuno et al., 2009; Oto et al., 2013; Sevim,
2011; Seving et al., 2017) and ulexite can contain 43% B2Os (Aghajanian et al., 2022).
Colemanite has a wide spectrum of usage in different areas such as; textile, glass, glass
fiber, cosmetics, detergents, fertilizers, photography, antiseptics, nuclear applications,
concrete, and metallurgy applications, which makes it an important and valuable
mineral, along and with ulexite, it is the predominant mineral to used in boron steel
production instead of fluorite (Aghajanian et al., 2022; Poslu & Arslan, 1995; Rap, A.,
2013; Arslan, 20214a; Yildiz, 2004; Yunlu, 2016).

Figure 7.9 : Crystals obtained from River raw water treatment.

The raw river water was passed through the BWRO membrane, the first stage of the
RO system, at a pH of 7 (the pH of the raw water itself). Then the pH of the water was
increased to 9 using NaOH before passing through the SWRO membrane, the second
stage of the system. The concentrate of SWRO, which has 90% recovery, has a boron
concentration of approximately 10000 ppm. This concentrate was fed to the MD
system, and a 75% water recovery rate was achieved in the MD system studies. The
concentrate taken from the MD system operated at a 75% recovery rate has

approximately 25000 ppm boron content.

A study was carried out with the solid substance of the MD concentrate with the
recovery rate of 75%. 1 Liter of MD concentrate contained approximately 100 grams

solid. The amount of sodium in the fed water was observed to be high due to the pH
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adjustment in the previous RO study. This situation showed that the obtained solid

matter is different from the solid obtained in the raw water supply of the river.

In the concentrate obtained in the river RO-MD study, the B2Os3 solid constitutes 35%
of the total solid and the amount of Na2O is approximately 60%. The image of the
crystal solid material obtained and the XRF analysis results of the solid obtained at a
75% recovery rate are given in Figure 7.10 and Table 7.8. The B2Os ratio increased
with the increasing recovery rates, which are consistent with the study of Jia et al. (F.
Jia et al., 2017a). They also used VMDC for boric acid recovery, and according to

their results, they were able to obtain boric acid crystals with the highest recovery rate.

Figure 7.10 : Crystals obtained from RO concentrate treatment.

In the solid, due to the high sodium content of the MD concentrate, unlike the raw
water concentrate, the formation of an ore called "tincal” holds the Na,O component,
which is where the 36.5% B>0O3s component is thought to be obtained (Aghajanian et
al., 2022). This ore is the source of the substance "Borax", which is a form of boron
mineral. This solid material, which shows crystalline deposits structurally, is not
readily soluble in water. The crystal structure of the solid material, which can only be
dissolved at high temperatures (90°C and above), causes the particles to become more
compact and difficult to break down and physically looks like granulated sugar. Tincal
and colemanite are used to produce boric acid and refined boron products such as borax
decahydrate and pentahydrate (Giiyagiiler, 2001; Arslan, 2021b). The effect of
crystallization process parameters such as temperature and the mixing rate on the

crystal quality needs to be further explored for future research.
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Table 7.8 : XRF Results of crystals obtained from MD Concentrate of raw water and
RO concentrate.

Raw water RO
Concentrate
Recovery Rate (%)
Compound
80% 85% 90% 75%
Na20 320 29.6 348 59.5
MgO 125 12.9 115 0.926
K20 0.067 0.0849 0.0570 0.202
CaO 2.00 3.27 131 0.877
Sc203 0.0077 0.0217 0.0070 0.0005
TiO2 0.0060 0.0515 0.0015 0.0038
V205 0.0020 0.0048 0.0019 -
MnO 0.0179 0.0188 0.0174 0.0001
Fe20s 0.0028 0.0049 0.0015 0.0026
NiO 0.0016 0.0017 0.0014 -
CuO 0.0006 0.0006 0.0005 0.0006
ZnO 0.0022 0.0025 0.0005 0.0006
Al20s3 0.319 0.417 0.419 0.385
SiO2 0.792 1.25 1.17 0.471
P20s 0.0037 0.0092 0.0005 0.0001
SOs 9.41 111 6.47 2.75
SeO2 0.0004 0.0003 - 0.0002
As20s3 0.139 0.146 0.138 0.0115
SnOz 0.0019 0.0018 0.0021 0.0018
ZrO; 0.143 0.152 0.157 0.151
SrO 0.0525 0.0665 0.0468 0.085
B20s 424 40.8 43.9 34.7

7.4 Conclusion

Since the higher amounts of boron can be harmful to living creatures, it needs to be
removed from water sources. However, it is an essential element, so the removal alone
is not enough alone and needs to be completed with a recovery step. Membrane
distillation is a good alternative for treating different contaminants in concentrated
waters. This paper shows the promising potential of membrane distillation for treating
water with high boron content water. MD was investigated for the treatment of raw
water obtained from the mine drainage area directly and also for RO concentrate. 100%
As removal and higher than 96% B removal were achieved for all VAGMD
experiments. The operational parameters changed with changing recovery rates.
Different recovery rates were applied between 50% and 85% for raw water batch

experiments. After the batch operation, VAGMD operated for 36 hours as a continuous
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system, and a max 90% recovery rate was achieved. Since the RO concentrate is a
highly concentrated water stream, only 50%, 70%, and 75% recovery rates were able
to be tested. Conductivity values increased over time, and flow rates decreased as
expected. Due to the NaOH addition in the RO step, the crystals obtained from
concentrate treatment experiments have a high NaxO compound fraction. It was
possible to obtain up to ca. 44% B0z contented boron crystals, which have a wide
range of industrial usage areas. The results proved that the VAGMDC is a promising

method for the removal and recovery of boron.
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8. CONCLUSIONS AND RECOMMENDATIONS

Increasing demand for clean water due to the increasing industrial activities and

growing population makes the recovery of water and resources much more important.

Reverse osmosis usage has increased to fulfill this water demand in recent years. Due

to the increasing usage of reverse osmosis (RO), the concentrate treatment gained

importance. Thus the preparation of hydrophobic membranes and boron removal and

recovery from RO concentrate was studied by using membrane distillation

crystallization (MDC). The most important conclusions with a holistic approach are as

follows:

In the first experimental section VAGMD method was found as optimal MD
configuration due to the higher fluxes and GOR while lower SEC values than
AGMD. Higher than 99.2% boron removal efficiencies were obtained with
VAGMD.

After the selection of VAGMD configuration hydrophobic membrane
preparation studies were conducted by modification of commercial and
fabricated membranes. Membranes coated with PN, C, and SHBC coatings
were found quite hydrophobic. Moreover, a superhydrophobic membrane was
prepared with CS coating on PVDF nanofiber membrane which has a contact

angle of 153° and boron rejection of 94.1%.

Following the membrane modification studies effect of BisF-Bz monomer on
the hydrophobicity of PVDF membrane was investigated. Two times thermal
curing application of BisF-Bz blended PVDF membrane represented the
highest hydrophobicity. 19.28 L/m?h permeate water flux was obtained for real
RO brine with 98% boron rejection.

Crystallization process integration to the MD was investigated for boron
recovery. According to the lab scale VAGMDC studies increase of pH
negatively affected the permeate water flux.
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e Fabricated nanofiber membranes were more resistant to scaling and fouling

compared to commercial membranes.

e Obtained crystals had up to 44.6% B0z content by using fabricated nanofiber

membranes.

e Pilot scale VAGMDC was operated successfully following to the lab scale
VAGMDC studies. At least 40% B2Os3 contented crystals were obtained. Hence
results showed that pilot scale VAGMDC could be applied for the removal and

recovery of boron.

To conclude, the VAGMDC system was used successfully for RO concentrate
treatment. Results showed that boron could be separated from concentrate stream with

very good purity. The following recommendations could be given for further studies;

e Renewable energy sources such as solar energy should be used for MD to

heat the feed water.

e Membrane preparation studies could be investigated to reduce membrane

wetting and scaling challenges in pilot and real scale of MD.

e The performance of developed novel MD membranes investigation should

be carried to pilot scale from lab scale.
¢ Novel hydrophobic membranes could be used in pilot-scale MD process.

e The crystals obtained from VAGMDC studies should be investigated for

further usage as raw material.
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Figure A.1 : SEM-EDX results of PTFE.
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Figure A.2 : SEM EDX of PVDF.
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Figure A.4 : SEM-EDX of PP at pH 9.3.

170



T
4 .00

T
s.00
Energw -

Figure A.5 : SEM-EDX of PVDF espun.

T
4 .00

T
5.00
Energw -

A0

Figure A.6 : SEM-EDX of PVDF/Bz.




Table A.1: lon content of feed and permeate waters.

Paramete Feed PVDF PTFE PP Feed PP PVDF PVDF
rs (mg/L) pH 9.3 pH Espun /Bz
9.3
F <0.04 <0.04 1.39 <0.04 <0.04 <0.04 <0.04 <0.04
Cl- 928.16 6.77 57.99 197 828.38 17.83  55.38 2.18
NO2 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Br <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
NOz 4.94 0.90 1.69 0.36 26.90 2.04 9.27 0.24
PO43 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20

S04 839796 2891 55991 204 832573 1278 65.72 9.81

Li* 11.92 0.05 0.77 <0.02 16.54 <0.02  <0.02 0.04
Na* 1382.55 8.55 81.52 136 11088.78  8.47 28.30 4.4
NH4* 46.52 <0.10 <0.10 <0.10 <0.10 1.38 2.65 5.02

K* 50.91 0.55 3.20 0.19 109.01 0.91 3.54 1.93
Mg+ 847.87 6.84 74.79 0.49 1595.75 2.45 11.79  14.19
Ca*? 895.19 7.29 51.60 2.64 1089.65 13.12 4577  10.60
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